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Poly(para-hydroxybenzoic acid) [pHBA] was discovered in the late 1950s and found to 
have chemical and mechanical properties which make it attractive for use as a 
high-performance polymer, potentially in engineering applications. However, the same 
properties make it difficult to fabricate into films or fibres. This thesis examines the 
philosophy of the precursor approach to intractable polymers as applied to the synthesis 
of aromatic polyesters generally and to pHBA specifically, by means of a review on the 
production of benzene derivatives by ring synthesis, and the polymerisation of 
1,4-benzoquinone methides.. Work undertaken includes the synthesis and 
characterisation of a precursor to 7, 7 -dichloro-1 ,4-benzoquinone methide, 
endo-cis-6-dichloromethylenetricyclo[6.2.1.02. 7]undeca-4,9-dien-3-one, and the 
assignments of the 1 H and 13C NMR spectra of endo-cis-6,6-dimethoxytricyclo-
[6.2.1.02·7]undeca-4,9-dien-3-one (a correction to the published assignment) and its 
intramolecular 2+2 photocycloaddition product, 8,8-dimethoxypentacyclo-
[8.1.01·5 .02·9 .if·7.06·H>:Jundecan-3-one. 
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Chapter l. Polv(para-hvdroxvbenzoic acid). Problems and Potential Solutions 
1.1) Poly(para-hydroxybenzoic acid). Manufacture, properties and 
problems. 
poly(para-hydroxybenzoic acid) 
Figure 1.1 
The title polymer, shown in figure 1.1, is one of a number of potentially interesting 
materials made in the late fifties and sixties which did not find immediate application 
because, as in "The Man in the White Suit,"l 11 the mechanical and chemical properties 
of the new material were so outstanding that conventional melt or solution processing 
found it difficult to handle. The synthesis is not difficult and the polymer can be made 
by a variety of methods. Thermal processing is expensive in energy because of the high 
melting point and decomposition problems (vide infra.) Except in some unusual solvent 
systems such as polychlorinated polyphenyll21, the polymer is totally insoluble. 
In 1959 Gilkey and CaldweUI 31 repo11ed the synthesis of poly(para-hydroxybenzoic 
acid). p(HBA), and its copolymers with the meta-isomer by removing acetic acid from 
the acetoxybenzoic acids at 300°C under a reduced pressure nitrogen blanket and using 
a magnesium transesterification catalyst. The polymer crystallinity was found to be 
proportional to the para- content and crystalline blocks of p(HBA) were formed in the 
copolymers. If the meta- content was greater than 55mol% the copolymers were soluble 
in several solvents. The mera-homopolymer melted at 176°C whilst the p(HBA) began 
to decompose at 350°C but did not melt even at 450°C. They found the polymers to be 
oxidatively stable but susceptible to hydrolysis. The tensile strengths were ca. 
lO,OOOpsi at elongations of 6-40%. Hanna and Windlef4l have reported that the polymer 
undergoes a phase transition around 350°C and that it becomes a condis crystal. 
According to Grebowicz and Wunderlichf5l a condis crystal is a material, not 
necessarily a polymer, which possesses a mesophase in which there is conformational 
disorder, i.e. the polymer chains are parallel as per a conventional crystal, but 
conformational isomers are available on the monomer scale which partially disorder the 
crystal and by means of cooperative motion, a liquid-like state is achieved. This is 
equivalent to hindered internal rotation and may be viewed as a kind of localised and 
highly restricted reptation. The crystallinity is greater than 75%. Gleim patentedf6l a 
method for p(HBA) production by distilling methyl acetate from methyl 
para-acetoxybenzoate in tributylamine at 208°C. Including work subsequently done on 
copolymers with a view to producing a processable material, there are dozens of 
variations on the above themes. concerning choice of catalyst, reaction temperature and 
time, substrate esters and solvent systems. 
The decomposition of p(HBA) has been studied by, inter alia, Ivanov and Slavchevaf1l, 
Jellinek and Fujiwaraf8l and Economy et aif9•101. Thus, the polymer exhibits high 
oxidative stability, losing weight at a rate of 0.06%/hour at 325°C and 3%/hour at 
450°C in air. The decomposition products include phenol, carbon monoxide and 
dioxide, water, para-hydroxybenzoin and phenyl-para-hydroxybenzoate, of which the 
first three predominate, but the proportions do vary according to the temperature of 
degradation. The kinetics of decomposition are zero or first order, but the precise 
mechanism has not been elucidated. The thermal stability of p(HBA) lies between that 
of polythene and PTFE. 
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Both solution and melt processing appear to be ruled out because of the low solubility 
in convenient solvents and the very high melting point, but Economy et aJilll have 
proposed compression moulding: at 438°C and 6000-12000psi. The polymer is 
commercially available under the u·adename Ekonol. 
It is evident that p(HBA) has attractive propenies and would make an excellent 
high-performance engineering polymer if it could be readily fabricated into finished 
products. 
1.2) Possible solutions. The precursor approach. 
The concept of fabricating a product out of a material which is tractable and 
subsequently converting it to one which is intractable is not new. The manufacture of 
pottery and bricks from clay is an ancient example. A modern equivalent is the Bakelite 
process, another would be the conversion of poly(amic acids) to poly(imides). 
However, in the case of the firing of clay or the curing of a Bakelite, the conversion is 
composed of many reactions which are non-specitic and the microstructure of the end 
product is random and poorly-defined. In order to make a regular structure, the nature 
of the conversion process must be understood in detail and it must be capable of being 
controlled. This is the case in the production of poly(imide) coatings by the dehydration 
of poly(amic acids). 
In an Utopian laboratory, it would be possible to take some simple starting materials 
and. in one pot in one reaction make e.g. vitamin B 12 in excellent yield, without having 
to deal with intermediates or remove by-products and various isomers. If chemistry 
worked in such a way, all syntheses would be done in a single step and life would be 
wonderful, but it is common experience that chemistry does not work that way, and 
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multi-step syntheses are de rigeur. However, there are three reasons why one might 
want to make a product by a two-or-more stage synthesis via a stable intermediate 
which can be handled at leisure with convenience. 
The first of these reasons is that we may wish to make a derivative of a compound 
which is itself unstable. It may be feasible to approach the synthesis via another, 
similar compound which can be derivatised and the derivative then chemically 
modified to be identical to the molecule we should have made by the direct route were 
it possible to do so. In tenns of polymer chemistry, the classical example is the 
synthesis of poly(vinyl alcohol) by the polymerisation of vinyl acetate followed by 
hydrolysis of the poly(vinyl acetate). Vinyl alcohol only exists as a tautomer of 
acetaldehyde, and although it is perfectly stable, it is only ever possible to obtain tiny 
amounts at any moment and then as an equilibrium mixture with acetaldehyde in which 
the latter predominates. 
The second reason for selecting a precursor synthesis is that we may wish to impart a 
particular microstructural physical characteristic to a product which is itself difficult to 
manipulate. This physical characteristic may however be imposed on a material whose 
microstructure is readily controlled and the modified material subsequently converted 
to the desired product with retention of the microstructure. It is not hard to make carbon 
by the pyrolysis of wood, but the tough. tibrous structure which nature constructs is 
destroyed during baking and airframes cannot be made from charcoal. The controlled 
pyrolysis of poly(acrylonitrile) fibres does. however, result in the production of carbon 
with retention of the original fibrous microstructure. 
The third reason for using a precursor strategy is temporarily to impart some chemical 
or physical property to a material. The usual reason for wishing to do this is that the 
temporary property is processability in a material which is usually intractable. This is 
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the case in p(HBA) but the strategy of precursor synthesis has already been applied 
with success to other polymers. 
0 i)Pseudomo;IS o~ ii) acetylation 
OAc OAc 
AIBN 
... 
Figure 1.2 
OAc OAc 
Heat 
_____. 
Workers at ICI have produced poly(para-phenylene) by pyrolysis of a precursor made 
by the free radical polymerisation of cyclohexa-1 ,3-dien-5,6-cis-diyl diacetate[121, see 
figure 1.2. The cis-diol is prepared by the bacterial oxidation of benzene using a 
genetically modified strain of Pseudomonas putida. 
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Poly(imides) such as poly(1,3-benzenepyromellitidimide) are made in two steps[ 131, see 
figure 1.3. In the first, 1,3-diaminobenzene is condensed with pyromellitic dianhydride 
to fonn poly(amic acid) oligomers. These are processable, and when in the fonn of the 
final product. the poly(amic acid) oligomers may be cyclised by the application of heat 
or use of dehydrating agents to give the tina! product. 
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It may be mentioned briefly that precursors are of great commercial importance in the 
field of inorganic ceramics1 141. 
1.3) A general precursor approach to aromatic polymers. 
Starting materials 
R 
0 0 
Route? 
Ease of r Q Polymerisation? 
Precursor 
Access to reagents? 
Cost? 
Photochemical stability? 
? 
. structure ? 
Processability? 
Stability to reagents? 
111ennal stability? 
Figure 1.4 
. 
Polymer end product 
To design a successful precursor route to a polymer is hard. The major difficulty is that 
the target molecule is an unknown quantity in the synthetic equations. In the synthesis 
of poly(HBA) by a precursor route, the target molecule is NOT poly(HBA). It is 
something which can be converted into poly(HBA), subject to certain other important 
constraints, see figure 1.4. The synthetic problem is twofold; firstly to guess the 
structure of a likely precursor and secondly to attempt to make it. To some extent this is 
the same problem found in all organic syntheses, particularly the second part, and is 
usually approached via the disconnection concept. However, in conventional organic 
chemistry the ultimate structure is the goal of the synthesis and the penultimate 
structure, its properties, in particular its stability and the efficiency with which it is 
converted to the final product, are of secondary importance. In contrast, the properties 
of the penultimate structure in a precursor synthesis. i.e. the precursor itself, are of 
major significance because even if the synthesis problem is solved, it may be that the 
precursor will not "precurse" satisfactorily for a variety of reasons. These include the 
ease of polymerisation, stability, processability and conversion yield, and ease of 
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access of reagent to the precursor. Conventional organic synthesis has had occasion to 
tackle this problem under less drastic restrictions, but only in circumstances e.g. the 
synthesis of a cyclobutadienel 151 precursor, where a storable compound is required for 
the convenient production of unstable, theoretically-interesting materials. Even then, 
the yield of the desired material is often of little consequence provided enough is made 
for the desired study, whereas in a polymer synthesis the conversion yield determines 
the polymer microstructure and performance. 
There are two fundamental types of potential precursor. The first is a structural isomer 
of the desired product which can be persuaded to rearrange under suitable conditions 
without the elimination of any fragments. The possibility of making such a precursor 
depends critically on the structure of the product and the likelihood of success is low. 
The synthesis and isomerisation of Dewar benzenes is an example, vide infra. The 
second type of precursor, the more usual approach, relies upon the elimination or 
substitution of some fragment of the precursor molecule, with or without 
rearrangement. The most important decision to be taken is the nature of the fragment to 
be removed, whether it is a fragment of the monomer molecule, or whether it is a 
segment of the polymer backbone i.e. an oligomer. This decision will affect the 
conditions required for the conversion, the safety, the stability of the precursor, the 
feasibility of the synthesis, the conversion yield and hence the microstructure of the 
product, and will ultimately decide whether the approach is successful. 
1.4) Removal of Substituents. 
The replacement of substituents on aromatic molecules, figure 1.5, is possibly 
adaptable to precursor synthesis, but its chance of success is limited by the chemistry 
available. Some replacement reactions are easy, e.g. the wide range of aromatic 
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substitution reactions which involve the replacement of a proton by an electrophile, or 
the replacement of chloride by hydroxide in the hydrolysis of picryl chloride, but most 
R 
X R = substituent present in precursor and final product y 
X = substituent to be eliminated, 
reduced or replaced 
Y = substituent replacing X 
Figure 1.5 R 
others are difficult, for example when the replacement required is a reduction of a poor 
leaving group, e.g. Ar-R to Ar-H. The approach has been explored on a limited scale 
e.g. by Lif 161 and Mullen1171 who have succeeded in removing tertbutyl groups by 
warming the substituted aromatic with a Lewis acid catalyst, sometimes in the presence 
of anisole, which is a reactive trap for the intennediate carbenium ion. Olahf 181 has 
stated that the Friedel-Crafts reaction should not be considered reversible in the usual 
sense, since although alkyl groups migrate, no free alkene is liberated. A variety of 
general synthetic methods covering a truly comprehensive range has been tabulated in 
Larock's excellent Comprehensive Organic Transformations1 191. The classic technique 
of replacement of an amino-group by hydrogenl201 via diazotisation has functional 
group tolerance to commend it, but the yield of the replacement reaction is low. There 
are other methods which improve the yield by the use of more exotic and expensive 
reagems121 1. Aryl ethers can be converted to the arene by alkali metalsl221 or by 
treatment with ethanethiol and aluminium chloridel231 which also reduces phenols to 
arenes. Aryl aldehydes can be decarbonylated by palladium on charcoal1241 or using 
homogeneous catalysis by rhodium complexesl25 1. Aryl carboxylic acids can be 
decarboxylated by the classic technique of heating with soda-lime1261 or by 
hydrogenolysis over nickel or palladium c:ualysts at elevated temperature1271. Halogen 
substituents can be removed by hydrogenationl 281 over Raney nickel catalysts. 
s 
But the heterogeneity of these reactions on the microscopic scale is a major stumbling 
block to many potential precursor routes. It applies to all potential precursor syntheses 
of high-performance engineering polymers with equal force, since one of the reasons 
for adopting the precursor philosophy in these cases is that the desired polymer is 
insoluble, infusible or both. It is thus essential that the conversion can be performed on 
the precursor polymer in the state of the finished product, which for the reasons of 
access of reagents, egress of fragments and safety (vide inji-a) means that the product 
will be made in the form of a fibre or a film. The production of bulky components via 
precursor synthesis is restricted to special cases, for example, the compression 
moulding of a novolak resin which acts as the precursor to an insoluble, infusible, 
cross-linked product, and there are many other examples of such technology. However, 
these are not precursors in the cuiTent context, which requires that the precursor should 
have the same degree of polymerisation as the end product. The conversion by 
chemical treatment of a precursor polymer film or fibre is thus bound to be 
heterogeneous on the macroscopic scale and relies on the diffusion of reagent into the 
fibre or film and the diffusion of fragments and spent reagent out. It follows that 
reactions which are heterogeneousj(Jr small molecules are only suited to the conversion 
step of a precursor polymer if it is feasible to conduct the reaction in the solid precursor 
or the highly viscous phase from which the precursor is spun and it is acceptable to 
leave e.g. catalyst residue in the solid product. This is unlikely to be the case, 
particularly for high-peri"ormance polymers where the final engineering application will 
usually demand that the finished product be free of all sources of mechanical defects 
and chemical impurities, which might otherwise lead to stress concentration or 
localised sites of chemical attack. both of which promote mechanical failure. 
In summary, the replacement of substituents on an aromatic ring is usually a difficult 
process and frequently needs heterogeneous reaction conditions, or the use of 
expensive reagents which are incompatible with the needs of a precursor polymer. In 
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spite of the utility of the technique in small molecule chemistry, it appears from the 
above considerations to be generally inapplicable to aromatic precursor polymer 
synthesis and conversion. 
1.5) The Use of Molecular Adducts. 
A minor candidate for precursor syntheses is the use of molecular adducts. It has long 
been known that many aromatic compounds form complexes with picric acid, styphnic 
acid, 1,3,5-trinitrobenzene or 2,4,7-trinitro-9-fluorenone and that these compounds are 
in many instances capable of being dissociated by the action of hydroxylic 
solvents£29a-ml. The fact that the complexing agent can be recovered and recycled is an 
attractive feature in precursor synthesis. However, the explosive nature of most of these 
agents strongly dissuades large scale experimentation or commercial use. It is possible 
that other compounds will be discovered which will be more satisfactory in this respect 
and the idea is therefore worth bearing in mind. Further factors in its favour are that 
cheap homopolymer can in principle be doped with the complexing agent and that it 
should not be necessary to aim for 1: 1 complex formation, as a small quantity of the 
complex should disorder the polymer sufficiently to depress the melting point or 
enhance the solubility enough for processing. If a suitable compound could be found, 
this would be a simple and economic technique with wide applicability. 
1.6) The Ring Synthesis Approach. 
A particularly attractive precursor approach to poly(HBA), which would have general 
applicability to other high-performance aromatic polymers, requires the synthesis of the 
benzene ring via isolable "metastable" intermediates which could be thermally, 
chemically or photochemically converted to the aromatic compound. Such a method 
would open the way for commercially-attractive processing of poly(aramids), ladder 
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polymers, rigid rod polymers and the like. There is, however, a major problem in that 
the ring synthesis of benzenoids has not been comprehensively studied and discussed in 
the literature. This merits some evangelical comment. 
Routes for the synthesis of heterocyclic aromatics such as thiazole,f3°1 quinoline,l3 11 
phenanthroline1321 and indolel331 via ring closure and (often simultaneous) 
aromatisation reactions were created early in the development of synthetic organic 
chemistry. Necessity was the driving force, since while benzene itself has a 
superabundance of substitution chemistry, the heterocyclic aromatics are characterised 
by substitution reactions which are seldom "clean" and which require considerable 
experimental skill to obtain what in terms of benzene chemistry would be moderate to 
fair yields. Ring synthesis was and still is a vital general method for making derivatives 
of the parent compounds. Consequently, the ring syntheses of heterocyclic aromatics 
have been systematically explored and welded into a coherent literature, readily 
accessible and well-defined. Today, this is a recognised area of research in which many 
groups are active. 
In contrast. the ease of obtaining most benzene derivatives by substitution reactions has 
meant that their ring synthesis occupies something of a synthetic backwater. It is 
neither a subject of conceited research nor undergraduate teaching. Since chemists 
generally have not needed benzene ring syntheses. no systematic effort has been 
applied to their invention. This has resulted in the production of specific examples of 
the approach. as and when needs arose which could not be readily satisfied by the 
abundant substitution chemistry, rather than by the deliberate discovery and 
exploitation of general methods. The fact that these examples occur in diverse areas of 
chemistry makes searching for such methods a slow and unproductive task. It is 
complicated by the fact that many examples are not indexed under obvious headings 
like "benzene derivatives, nng synthesis of" precisely because the ring synthesis of 
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benzene derivatives enJoys no recognition as a separate and important branch of 
general synthetic chemistry. It is, in a sense, in a similar situation as was polymer 
chemistry before Staudinger and others gave it the publicity it deserved, at which stage 
the term "polymer" might have appeared in a paper, but was unlikely to be referenced 
by Chemical Abstracts. Few review articlesl34.35l have been written on the subject; in 
complete contradistinction to the heterocyclic aromatics there appear to be no standard 
texts dealing with the ring closure and aromatisation approach to benzene derivative 
synthesis. 
This lack of methodical investigation is simultaneously frustrating and exciting. It is 
frustrating because of the difficulty of locating the few extant examples, and exciting 
since nobody appears to have given this curious omission serious consideration. The 
synthetic challenge is thought-provoking, and if capable of economic solution it holds 
great promise of useful precursor routes to many classes of otherwise intractable - and 
thus commercially unattractive- high pelformance aromatic polymers. 
The need for the invention of ring synthesis chemistry is not the sole requirement for 
the general aromatic precursor approach to succeed. The synthesis must proceed via an 
isolable intermediate which is readily convened with simple treatment into the desired 
aromatic in 100% yield, and which can be polymerised in high yield and without 
decomposition to give the soluble or melt-processable precursor. It will be noticed that 
many examples in this chapter (vide inji'a) fail to satisfy some or all of these 
requirements. In the specific instance of poly(HBA), the precursor also requires a 
carboxyl function para to an hydroxyl group. Perusal of these examples indicates that 
whilst there are a few routes which might be modified to provide monomeric HBA, 
none will do so via an isolable intermediate which can be polymerised and 
subsequently converted to the aromatic at one's convenience. Attempts to alter the 
molecules in those examples which do proceed via an isolable intermediate so that the 
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end product is the desired precursor result in the generation of some highly improbable 
starting materials. 
-3H., 0 +208.2kJ/mol 
measured 
-3H2 l+358.6kJ/mol 
calculated 
-150.4kJ/mol 
0 
cyclohexatricne with 
alternating bond lengths 
Empirical Resonance Stabilisation Energy 
Figure 1.6. Born-Haber cycle for Benzene Aromaticity 
But there are other problems in the use of benzenoid precursors in a precursor polymer. 
The empirical resonance stabilisation energy for benzene, determined by comparison of 
the experimentally determined heat of hydrogenation of benzene (see figure 1.6) with 
values calculated from non-conjugated model compounds, is 150kJ/molf361 and the 
evolution of so much energy upon conversion of a precursor to finished product poses a 
significant hazard. If one assumes that the precursor loses a quaner to a third of its 
mass on conversion, then a precursor homopolymer is likely to release around lOOOMJ 
per tonne. The handling and particularly the storage of such a material poses non-trivial 
problems. 
In a variant on the Durham route to poly(acetylene) it was observedf371 that the 
precursor, which decomposes to yield 1,2-di(trifluoromethyl)benzene as by-product, is 
capable of explosive decomposition which can be initiated by friction, see figure 1.7. 
From the viewpoint of safety it is thus desirable to "dilute" an aromatic precursor with 
oligomers of the final product, obviously at a concentration where the disordering 
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effects of the precursor are still sufficient to render the copolymer processable. This 
conclusion may also be reached from altemative considerations. Thus, one of the goals 
n CF3 
CF3 
.. .. 
F3 F3 
+ 
n 
Figure 1.7 
+energy 
of using polymers to replace metals is the energy saving which is made in processing 
and fabrication, and one of the goals of using a precursor approach to a 
high-performance polymer is to reduce the energy expenditure in processing that 
polymer. If the precursor is an intrinsically high-energy material, part of the philosophy 
behind using polymers in general and the use of a precursor approach in particular will 
be negated; at 1 GJ per tonne, such a solution is self-defeating. Another alternative 
consideration is cost. The synthesis of a polymer via a precursor is likely to be 
expensive, partly because the chemistry itself is expensive but also because perhaps a 
third of the mass of the precursor will be thrown away upon conversion. The dilution of 
the monomer with cheap oligomers of the finished product is therefore economically 
attractive, as well as being philosophically sound, environmentally sensitive and 
safety-conscious. However, the production of such copolymers is more of a 
developmental problem; the synthesis of a suitable precursor homopolymer on the gram 
scale is a necessary prelude to that development, and bearing the above in mind it 
clearly helps if the synthesis is so designed that the eliminated fragment of the 
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precursor can be recovered and recycled. Unless this fragment is particularly cheap and 
the end product commands a very high premium, e.g. the production of carbon fibre 
from poly(acrylonitrile) in which water and nitrogen are lost and the potential use of 
the end product is in aerospace applications, fulfilment of this last requirement is likely 
to be crucial for commercial exploitation. 
The following is a review of the known techniques of the ring synthesis of benzenoid 
aromatics. These techniques can be arbitrarily subdivided into four classes, although 
the distinctions e.g. between rearnngement and elimination reactions are sometimes 
blurred. 
The trimerisation of alkenes or alkynes fonns the first class and is of limited 
application. The procedure nonnally gives 1,3,5-trisubstituted benzenes from 
monosubstituted substrates and hexasubstituted benzenes from disubstituted substrates, 
although the use of catalysts can promote the formation of 1,2,4-trisubstituted benzenes 
from the former. The use of asymmetrically-disubstituted alkenes or alkynes has 
attracted little attention and the use of mixtures does not appear to have been much 
studied, possibly because control of regiospecificity is a problem. Under this heading 
has been included the trimerisation of ketones and enamines, since there is a close 
structural similarity between the products of their condensation and the trimerisation 
products of monosubstituted alkenes or alkynes. 
There are a few examples of ring synthesis of benzenoid aromatics via rearrangement 
reactions, but these are limited in their potential by the specificity of the synthesis, the 
inaccessibility of the starting material or the frequently poor yields which 
rearrangements provide. TI1ese form the second class. 
The third class of benzene ring syntheses proceeds via addition-elimination reactions. 
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Those which involve polycarbonyl compounds are broadly analogous to the classical 
techniques of heterocyclic aromatic chemistry. 
The fourth class of methods is the production of benzenoid aromatics via Diels-Alder 
and related electrocyclic reactions. 
1.6.1) The Trimerisation of Alkenes or Alkynes 
When used with single reactants this method is limited in application to 
hexa-substituted benzenes and 1,3,5- or 1,2,4- trisubstituted benzenes in which the 
substituents are the same. All other head-tail isomers are redundant in cyclic trimer 
formation. The products are 
X X X 
II y*y / I + 
X ~ X 
y 
XhY Y~X 
y 
y 
X X X ( y¢y X¢Y -HX yqy qy ... + ... I + 
X X y X ~ y y 
y y y y 
Figure 1.8 
shown in figure 1.8. It appears that no work has yet been done on the trimerisation of 
1,2-disubstituted alkenes or alkynes bew.ing different (non-hydrogen) substituents, and 
it may be the case that the trimerisation of these substrates will only proceed if they are 
also capable of being polymerised under e.g. free radical conditions. It is common 
experience that 1.2-disubstituted alkenes do not readily polymerise and it may be that 
those factors which operate to inhibit polymerisation also prevent trimerisation in 
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benzene ring syntheses. Thus with the exception of ketone and enamine condensations, 
all examples are consistent with X=Y, X,Y:;:H or X:;:Y, X=H in figure 1.8. 
The use of mixtures is illustrated by one example due to Boekelheide and Nottke1471 
which uses an alkyne together with a ketone, which reacts as the enolate, to give 
dimethyl 4,5-diphenylisophthalate. This synthesis might usefully be adapted to yield 
other 1,2,3,5-tetrasubstituted benzene derivatives, which are hard to make by other 
means. Krohnke and Vogtl45l hydrolysed an enamine to yield 1,3,5-tri-
(4-nitrophenyl)benzene. This may provide a general method for making 
1,3,5-trisubstituted benzenes, since enamines are readily accessible. 
In the trimerisation of tert-butylacetylene1421 the steric hindrance of the tert-butyl 
groups is overcome in an intermediate cobalt complex and this compound is efficiently 
converted to 1,2,4-tritert-butylbenzene. Unfortunately, the preparation of this complex 
in the first step of the synthesis proceeds in only 30% yield and the method does not 
appear to be general. The synthesis due to Schiifer1461 is particularly interesting, as it 
proceeds via a Dewar benzene, which itself is fonned via a cyclobutadiene-aluminium 
chloride coordination complex. Other benzene ring syntheses have been achieved via 
Dewar benzene isomerisation reactions and these are included in the next subdivision, 
1.6.2. 
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Reactant(s) 
0 
~ 
F3C CF3 
Et Et 
Bu(t) 
Me02C -- C02 Me 
J-0-< 
~N~J 
- ~ N 
gY--0 I. 
+2x = C02Me 
0 
ocr) / 
0 
Conditions 
N ,N -dieth y !acetamide 
lOmins, reflux 
N2, 15hrs, lOOOatm 
Et3Al, TiC14, 43°C, 12hrs 
CrCl3(THF)3, N2, THF 
EtMgBr, -20°C, & 3days RT 
i) Co2(C0)8, petrol, 5hrs RT 
3hrs 90-100°C 
ii) Br2, CC14, 0°C, 1hr 
10% Pd/C, benzene, reflux 
72hrs 
HCl/EtOH 30 days 
c.HBr, AcOH, 5mins 
Either: 
1) AlCl3, benzene, 20-35°C 
Or 
2) AlCI3, benzene, reflux 
i) NaH/diglyme, 5mins 0°C 
ii) 4hrs RT 
Py1idine, 40hrs RT, N2 
Figure 1.9 
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Benzene Substitution Product, Ref Yield% 
0 
1,3,5- A 34% 38 
hexa-CF3, 70% 39 
hexa-Et, 76% 40 
hexa-Me, 60% 41 
1 ,2,4-tritertbutyl 20% 42 
hexa-C02Me 93% 43 
1,3,5-~ 74% 44 
1,3,5- VN02 45 
70% 
1 
* 2* 46 70% 80-90% 
,; C02Me I 
.... 
,; 47 I 
.... 
C02 Me .... I 
,; 58% 
~) tri- 48 
81% 0 
1.6.2) Benzenoid Aromatics via Rearrangement Reactions. 
The syntheses under this heading can be split into the separate topics of ring expansions 
and contractions, isomerisation reactions of Dewar benzenes and group migration 
reactions. 
Reactant Conditions Product, Yield% Ref 
o-o:l KOH, EtOH, lOmins ~:H 49 77% 
--no 30% H202, 2N HCl -QO AcOH, benzene 50 84% 
0 Cyclohexane, reflux OH aN, OCN >90% 15mins 51 C»OH HBF4 (50%), Et20 Cl;JPh 52 Ph Ph 2 mins. 
(J>-~·NO Na2C03, MeOH 0 53 CONH,., 90% 
«J Bromoform, hexane c8 KOBut, 3hrs, -20°C 54 N2 32% 
o&9 Benzene, 16hrs, reflux ~ dicyano- 55 
CHF2 dichloroquinone F 82% 
Figure 1.10 
Ring expansions and contractions usually give excellent yields of substituted benzenes, 
but are often specific and the sta11ing materials rather inaccessible. Thus, Doering and 
Knoxf49l obtained para-phenylbenzoic acid in 77% yield from the ring contraction of 
2-chloro-5-phenyltropo-2,4,6-trien-1-one. J utz and Voithenleitnerl501 oxidised 
para-tolyltropylium perchlorate with hydrogen peroxide to obtain 1-methylbiphenyl in 
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84% yield. The ring expansion and contraction syntheses are summarised in figure 
1.10. 
The isomerisation of Dewar benzenes ([2.2.0]bicyclohexa-2,5-dienes) to benzenes is 
readily accomplished in excellent yield. However, the yield and facility of Dewar 
benzene synthesis is variable, as is their thermal stability. The first synthesis was 
reported by van Tamelen and Pappasf56l who subsequentlyf57l made the parent 
compound. Photochemistry was used in both cases to effect symmetry-allowed 
disrotatory conversion of a substituted benzene or cis-dihydrobenzene to the Dewar 
benzene. The photochemical conversion of a substituted benzene to the corresponding 
Dewar isomer is a potentially useful method of making a monomer for precursor 
polymer synthesis since the starting material is likely to be cheap and the conversion of 
the precursor efficient, as there is no problem over access of reagents or diffusion of 
eliminated fragments. However, van Tamelen and Pappas pointed outf56l that the 
success of the photochemical reaction critically depends on the substituents. As a 
method of making benzene derivatives from non-benzenoid starting materials, it is 
clearly of limited use, but Criegee and Zankerf58l have prepared a Dewar benzene via a 
cyclobutadiene intermediate, see figure 1.11. 
Zn/Cu 
.. 
0 
Br:< Hg/N2 
+ I o .. 
48hrs 
Br 
0 
CO, Me 
92% 
... 
Figure 1.11 
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100% 
OMe 
OMe 
(no yield or ronditions reported) 
Group migration reactions are highly specific and proceed from starting materials 
which have little applicability to general methods of benzene ring synthesis. The yields 
can be good. It is of interest to note that two examples, those of Dieckmann[591 and 
Allen and van Allen[601 are closely related to cyclone chemistry, section 1.6.4, the 
former involves the dimethyl ketal of tetrachlorocyclone and the latter the Diels-Alder 
dimer of 2-methyl-3,4-diphenylcyclone. They are tabulated in figure 1.12. 
Reactant Conditions Product, Yield% Ref 
~e CO., Me CI~C02Me 
-,C C02Me 
Xylene or toluene, 
:--..I 59 
Cl Cl C02Me 
Reflux Cl C02Me 
Cl 75% 
Ph Ph Ph Ph 
Ph Ph 
240°C, 3hrs 60 
Ph Ph 
66% 
O"'ctSf)Ac 48% HBr/AcOH 20mins, ~ 61 ... 
H 70% 
~ 25% H2S04 LQ- 62 3hrs, l00°C 
72% 
NaOHaq.,~ 63 
Figure 1.12 
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1.6.3) Ring Synthesis via Addition-Elimination 
The synthesis of the benzene ring by means of the condensation reactions of 
polycarbonyl compounds, or by the co-condensation of reagents such as nitriles with 
aldehydes, are closely analogous to the classical techniques of heterocyclic synthesis. 
Some ring syntheses occur by the substitution of carbon for a heteroatom in 
heterocyclic aromatics, whilst there are a few examples which are so obscure as to defy 
being placed in a niche and these must be considered separately. 
1.6.3a Condensation reactions of carbonyl compounds can provide a variety of 
substituted benzenes, but the syntheses often have only moderate overall yield. These 
reactions are tabulated in figures 1.13a and 1.13b. There is considerable variation in the 
number and type of substituents and their placement on the ring. 
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Reactant(s) Conditions 
R i) NaOEt, EtOH 
~Oii)c.HCl 
O - O r iii) Br2, AcOH ~ OEt iv) H2/Pd I 6Et v) NaOH/il 
vi) HCI/il 
0 0 0 
EtO~OEt 
0 
EtO~ 
0 0 
0 
0 
i) 2 weeks 75°C 
ii) c. H2S04, 40°C 
30 mins 
Dry piperidine, 3.5hrs, 
Ll 
i) 48 hrs 
ii) KOHaq. 
96-100% HF 
il 100°C, 3hrs 
Cl 0 ~" K2C03, benzene, 
~ 1 :Oro. CJ 4hrs. Ll EtO~O 
Figure 1.13a 
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Product, Yield% Ref 
OH 
R-Q 64 
OH 29% 
0 60-70% 
N 
~ 
N 65% 
OH OH 0 
o.YYoH 
HO~ 
0 76% 
65 
66 
67 
68 
69 
Reactant(s) Conditions Product, Yield% Ref 
OEt £0H Et0-Q{1~t i) 5hrs O.lN HCl I ii) 2 weeks HO OH 70 
0 OEt 56% 
0 0 OH 0 J6(6% 
OH 2M KOH, 5hrs RT OH 71 0 
0 Ph HO Ph 
I crY 1~90% \ I -(MeOhCHNMez, CONM~ OR 0 8--0 OMe 57 0f£ 72 2 ~0 150-200°C, N2 2 CONMez 
0 Co ~ SnC14, 0°C, 10-20mins 73 N 51% 
I \ 
C02Me C02 Me 
o C02Me i) tr. Morpholine, 0 ~(/o ~;:e MeOH, 24hrs, RT S" ~ o( ~o ii) Subl. 190°C, @ 74 
C02 Me lmmHg 
N OMe 
I 63% 
EtO_ · E~ lT "-':: Et 0 EtOH, O.lSM NaOEt =I "'-': Ar, RT lhr 75 
0 OH OH 80% 
Figure 1.13 b 
1.6.3b The replacement of heteroatoms in ring systems has limited application, 
the starting materials can be hard to make in quantity, but the yields are generally good. 
Examples of this methodology are presented in figure 1.14. 
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1.6.3c 
Reactant(s) Conditions 
KOB ut, ~. 45mins 
2 BrMg-p-PhOMe 
CH2(CN)z, EtOH, lhr, 
(iPr)zEtN, ~ 
DMSO, N2, NaH, 4hrs 
70°C 
Figure 1.14 
Product, Yield% Ref 
76 
77 
OMe 63% 
78 
79 
80 
86% 
There remain a few examples of benzene ring synthesis which defy ready 
categorisation. The synthesis due to Eberbach and Carrel811 proceeds via the 
ring-opening of an epoxide and subsequent elimination of water, to give dimethyl 
terephthalate in 80% yield: 
25 
6 hrs 
250 ° 
diphenyl 
ether 
Figure 1.15 
Hashem[82l produced a benzofuran via intramolecular Friedel-Crafts reaction in 73% 
yield: 
AIC13 PhH 
2 hrs .1 
0 
Figure 1.16 
whilst Blechert et aJ[83l performed the following aromatic annulation in 37% overall 
Figure 1.17 
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1.6.4 Diels-Alder and ene-type electrocyclic reactions are quite productive 
sources of benzenoid rings. Frequently, an oxidant or dehydrogenation catalyst must be 
used to effect aromatisation of the initially-formed adduct. An alternative approach is 
to provide substituents on the reactants which are reasonable leaving groups and which 
can be eliminated to give the aromatic product. If their Diels-Alder adducts are 
moderately stable, i.e. if the leaving groups are particularly poor, then these are likely 
candidates for aromatic precursor molecules. The examples include the Diels-Alder 
reactions of cyclopentadienones ("cyclones") the adducts of which lose carbon 
monoxide, often spontaneously, to yield benzene derivatives, figure 1.18. Cyclones are 
highly reactive molecules which readily undergo Diels-Alder dimerisation. Only the 
sterically-stabilised analogues can be obtained as monomers and this limits their 
potential usefulness. All the examples found use tetraphenyl-substituted cyclone and 
thus produce derivatives of 1,2,3,4-tetraphenylbenzene. 
Ph Ph Ph 
Ph* ( Ph¢ X Ph*X :;;...--" 0 Ph I ~~y -CO Ph I : y ~ ~ -- -H2 Ph y 
Ph Ph Ph 
Figure 1.18 
The reactions illustrated in figure 1.19 are in accordance with the reaction scheme 
shown in figure 1.18. The utility of this method of ring synthesis is clearly limited, but 
the reaction yields are generally good. Methods which use the Diels-Alder reaction, the 
ene reaction or the corresponding retro- reactions appear in figures 1.20a-1.20d. 
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Reactant 
0 
~0 
0 
~Ph 
Cl 
0 
C~OPr 
~OPr 
0 
\ /. 
101 0 
I ' 
0 
~ 
0 
u: I] 
Conditions 
8hrs, 170-80°C 
PhBr, 3.5hrs, reflux 
Reflux intermediate 3hrs 
Pd/C 5% p-cymol 
8.5hrs, reflux 
PhBr, 6-lOhrs, reflux 
PhBr, 8hrs, 156°C 
Xylene, 15hrs, reflux 
PhN02, 12hrs, reflux 
Xylene, 10-12hrs, reflux 
Figure 1.19 
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Product, Yield % 
Ph«Ph 0 
/ 0 
Ph' I 
Ph 0 
73% 
87% 
Ph 
Ph~ Ph ~I 
Ph Ph 80% 
Ph 0 
Ph~OPr 
Ph~OPr 
Ph 0 76% 
Ph 0 
Phr¢(0H 
,I 
Ph Ph 62% 
Ph 
::¢ 
Ph 87% 
Ph~NH 
Ph~ 
Ph 0 90-95% 
Ph 
Ph~..,. I I 
Ph' ' 
Ph 50-60% 
Ref 
84 
85 
86 
87 
88 
89 
90 
91 
Reactant(s) Conditions 
~~0 Chloranil 
0 
Cl 0 
F F OMe 
* Cl OMe 
N2, 480°C 
Cl 0 
i) Et02C = C02Et 
~ ~ ~ 0-dichlorobenzene, 3hrs, ~ 
~ ~ ~ ii) EtOH/KOH, 2hrs, ~ 
iii) Na2C03, K3Fe(CN)6 
o~J:J 
o;)TJ i) 1,3-Diene ii) P20 5, 200-300°C 
0 
i) 
ii) c. HCl, Ac20 
OAc 0 
<O Reflux, benzene 
OAc 0 
Figure 1.20a 
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Product, Yield% Ref 
92 
Cl OMe 
C~0 
Cl ....:: O 
93 
Cl OMe 83% 
94 
~95 
55% 
X 
96 
y 
97 
75% 
0 
cQ 98 
0 75% 
Reactant(s) Conditions Product, Yield% Ref 
10% Pd/C, 15mins, 99 
180°C 
OJ) C02Et i) Diglyme, N2, 200°C 
C02H 
~ 20 hrs. C9 100 ii) EtOH/KOH/N2 12hrs, ~ 49% 
0 SnMe2 
SnM~ 
¢ Ill Reflux, di-nbutylether o- SnMe, hydroquinone, 12hrs. 101 
C02Me SnM~ C02 Me 55% 
v--o--o Pd(OAch, NaOAc, o-o--o 102 AcOH, 85°C --
75% 
* 
~) 4hrs, 70-75°C, NaH, DMSO 103 
~ C02 Me OCO,Me ~ II -TsOH, ~ 54hrs 104 C02 Me OAc C02Me 80% 
Cyclohexane, 12, N2 
4hrs., 16x 75W, 253n 105 
X=I,H F 
80-90% 
Figure 1.20b 
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Reactant(s) Conditions 
0 C02Me 
~ Ill 60hrs, N2, ~ 
Dimeth ylfumarate, 
6hrs, 170°C 
POC13, ~.pyridine, 
10 mins 
1 OR 2 
-r\ 1) 375°C, 6secs 
- OR 
Cl Cl ' 2) 280°C, @20mmHg 
0 
Benzene, p-TsOH, 
reflux, 20mins. 
6hrs, reflux, xylene 
~0 16hrs, CHC13, RT 
0 
Figure 1.20c 
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Product, Yield% Ref 
106 
:I J(J'C02Me 
111 ~.....,. 50% 
K ' I N-N, 0 0 0 
94% 
112 
Reactant(s) Conditions 
~ /II '' C02Me . ~ 1) Toluene, 25°C, 5hrs 
NMe2 ii) Silica gel, 2hrs, 60° 
C02H 0 ~0 ~N-Ph 
OAr 0 
i) Not recorded 
ii) BF3.Et20 
100°C, 1-2hrs, CDC13 
CF3C02H 
PhBr, 3hrs, reflux 
N-N Jl u _N N,..... Benzene, 160°C 
L.J 
Figure 1.20d 
Summary of Ring Synthesis Methods 
Product, Yield% Ref 
W C02Me 113 ~ 
89% 
OH notquoted 
R~C02Me 
yco2Me 
0 
«N·Ph 
OAr O 95% 
0 ~Jrn 
. N 
I 84% 
114 
115 
116 
117 
This survey of the methods of benzene ring synthesis makes no claim of completeness. 
The indexing of this area of work makes it virtually certain that other examples, which 
should have appeared, have been missed. More would have been omitted without 
Theilheimer's Synthetic MethocJs[llSJ which proved to be a facile point of entry to the 
literature on benzenoid ring syntheses. It is clear, however, that although many methods 
have been discovered, nobody has yet directed their research towards producing a 
general synthetic route which would readily lend itself to the production of aromatic 
polymers via precursor molecules, and that the existing techniques fail to satisfy the 
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necessary criteria for success. The nearest approaches come, perhaps not surprisingly, 
from polymer chemists. The ICI route to poly(para-phenylene), which was discussed in 
section 1.2, evidently fulfils the necessary requirements for commercial applicability, 
but lacks the versatility to be adapted to other aromatic systems. The Durham route to 
poly(acetylene), mentioned in section 1.6, allows convenient manipulation of this 
intractable material, but the chemistry is expensive and not adaptable to the general 
precursor synthesis of aromatic polymers. So far, the needs of precursor routes to 
various polymers have been met by specific solutions, and it remains to be seen 
whether a general route is practicable. 
1.7) Protecting Group Precursors. 
The final possibility for a precursor route is to make use of the widely-available 
literature on protecting group synthesis and removal. This is obviously only possible if 
the polymer bears functional groups which can be easily reacted with suitable reagents. 
For most high-performance polymers this is unfortunately not the case, as functional 
groups are capable, by definition, of undergoing chemical reactions and it is the 
absence of these which is responsible for the solvent, acid and base tolerance and high 
thermal and oxidative stability of the desired polymer. The replacement of substituents 
on the aromatic ring, section 1.4, is really a special case of protecting group removal in 
which the protected group is hydrogen. This must be one of the most difficult 
"functional groups'' to devise "protection" for. If there was a general route for solving 
this problem, compatible with the heterogeneous conditions of precursor conversion, it 
would provide another possibility for an all-embracing precursor synthesis. 
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Chapter 2 
§orne ][nitial ][nvestigations into Possible Precursor Routes 
Synthetic Approaches 
The target polymer, poly(para-hydroxybenzoic acid), poly(HBA), figure 2.1, can be 
disassembled in a number of ways. These ways derive from two fundamental 
considerations, as discussed in chapter 1, namely: 
a) synthesis of the carbonyl group e.g. via a masking functionality, and 
b) synthesis of the benzene ring itself. 
n 
Figure 2.1 
a) Carbonyl Synthons 
Under (a) above might be grouped such approaches typified by the structure shown in 
figure 2.2. 
Figure 2.2 
Structure 2.2 contains the masked carbonyl function CX2 where X could be OMe, i.e. a 
34 
ketal, or halogen e.g. Cl, either of which would readily hydrolyse to give a carbonyl. 
There are some potential problems. If X is methoxy, then the structure as shown is a 
poly(orthoester) and the backbone link could hydrolyse at a rate comparable with that 
for the pendant methoxy groups, i.e. degradation of the polymer chain resulting in 
oligomer formation. If X is chlorine then the structure of 2.2 is that of an 
a,a-dichloroether. Assuming that the synthesis of 2.2 with X=Cl could be achieved, the 
precursor polymer so formed might be processable. The reason for the high melting 
point of poly(HBA) is the dipolar interaction of the carbonyl groups with one another 
and the poor flexibility of the polymer chain. If the carbonyl groups were replaced by 
dichloromethyl ethers, one would expect that the melting point would be reduced and it 
is also probable that the solubility would be increased. a,a-Dihaloethers are known 
compounds, e.g. a,a-dichloromethyl methyl ether, which is a potent carcinogen. An 
a,a-dichloroether must occur as an intermediate in the first step of the synthesis of 
orthoesters[1191 from chloroform, figure 2.3. 
EtQ-Na+ + CHC13 EtOCHC12 + NaCI 
EtO-Na+ + EtOCHC12 t> (EtO)zCHCl + NaCl 
EtO-Na+ + (EtO)zCHCl t> (EtOhCH + NaCI 
Figure 2.3 
a,a-Dichloro ethers are thus likely to be susceptible to attack by hydroxide ion, which 
is the desired reaction for the precursor polymer to undergo in order for conversion to 
poly(HBA) to occur. They might also be acid-labile. 
b) Ring Syntheses 
The problems surrounding the concept of a precursor approach via benzene ring 
synthesis have been discussed in depth in chapter 1. Two potential routes were 
investigated in this work; both necessitated changing the target molecule in order to use 
the available chemistry. 
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Initial Synthetic Efforts 
a) Via a Carbonyl Precursor. 
The initial route investigated was based on a carbonyl synthon and the starting material 
chosen was p-hydroxybenzaldehyde. It was acetylated under standard 
Schotten-Baumann conditions[1201 and the ester-aldehyde was subsequently converted 
into the acetal by the method of Claisen, using triethyl orthoformate in anhydrous 
ethanol under mild acid catalysisU211 in the cold, figure 2.4. 
HC(OEt)J 
__ ___,[:> 
---IC> 
NaOH 
OH 
Figure 2.4 
Initial attempts to prepare the acetal without first masking the hydroxy-group produced 
tar, possibly low molecular weight poly(acetals). As a matter of record, the standard 
Dean and Stark procedure for preparing a glycol acetal also failed, even with the 
ester-aldehyde, and this is attributed to transesterification to give back the phenolic 
hydroxy-group with subsequent tar formation as before. 
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NBS 
* LV h v OH 
Figure 2.5 
Figure 2.5 depicts the intended synthetic sequence. However, in a model study using 
tolualdehyde acetal, treatment with NBS in dry carbon tetrachloride, with heating or 
illumination, did not give the bromoacetal. The reaction gave instead the ester, as 
shown in scheme 2.6, and this was subsequently found to be a known reaction[1221. 
Treatment of the acetal with sulphuryl chloride and a trace of benzoyl peroxide gave 
the ester once again, but in lower yield and with some slight tar formation. 
OEt OEt 
NBS 
... 
Figure 2.6 
One further attempt was made to prepare a haloacetal. It was felt that the oxidation of 
acetal to ester was in part due to the fact that both reactions tried involve radical 
intermediates. Thus, in figure 2. 7, the model compound tolualdehyde diethyl acetal was 
treated first with potassium sec-butoxide in sec-butanol to hopefully generate the 
benzylic anion, and then neat bromine was added by syringe. It is unclear what the 
reaction products were, but the bromoacetal was certainly not obtained. The alkoxide in 
the presence of bromine probably gave a hypobromite and subsequent complex 
chemistry. 
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~~ 
Br-Br c-
OEt 
'OEt 
* Br2 
Figure 2.7 
b) Via Benzene Ring Synthesis. 
As there were no directly-suitable ring synthesis routes, the target molecule was 
changed to suit the available chemistry. 
The initial model compound investigated was the adduct between furan and maleic 
anhydride which was converted to the half ester. It was hoped that this could be 
decarboxylated to the benzoate ester, as such derivatives have been aromatised (see 
chapter 1) but treatment with acidsl1231 caused tar formation, whilst heating above 60°C 
produced only the retro Diels-Alder reaction (figure 2.8.) From this latter observation it 
seemed unlikely to be stable enough for precursor polymer synthesis, even if the 
decarboxylation could be made to go, since the transesterification of a 
suitably-substituted derivative of 1, figure 2.8, required to form polymer, would occur 
at around 200°C. Had this route looked promising, a precursor might have been devised 
either via a "bis"furan such as furoin, or via the Alder-Rickertl1241 sequence shown in 
figure 2.9. 
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MeOH 
_., 
0 
0 0 
maleic anhydride 
0 
HO OMe 
II 
OH 
1 
OH 
furan 
... 
Figure 2.8 
OH 
sequence 
as per 2.8 
Figure 2.9 
OH 
0 
OMe 
Another method of making the benzene ring was developed by Paquette et aJf1251 and 
uses the Diels-Alder reaction of phenyl vinyl sulphoxide with a diene, e.g. 
diphenylbutadiene (figure 2.10) under forcing conditions in which the postulated 
intermediate is not seen. It was thought that by conducting the reaction under less 
drastic conditions, the intermediate might be intercepted and serve as the precursor. 
However, attempts to conduct the reaction in refluxing carbon tetrachloride (48hrs), 
toluene (48hrs) or chlorobenzene (4 days) all resulted in recovery of starting material. It 
39 
thus seems likely that for this reaction sequence, the activation energy of the 
elimination step is lower than that of the cycloaddition, and the required intermediate 
cannot be isolated. 
-
· phenylvinyl sulphoxide 
-
-
Figure 2.10 
-{> 
chlorobenzene 189·c 
sealed tube 
The use of cyclopentadienones ("cyclones") as Diels-Alder dienes to give benzene 
derivatives is also well known in the literature, see chapter 1 section 1.6.4. 
0 
--!> 
vinyl 
acetate 
Figure 2.11 
Reaction with e.g. vinyl acetate might give a useful precursor, and this route was 
explored (figure 2.11) up to the point of attempting to synthesize dibenzyl ketone via 
Grignard reaction (figure 2.12) when difficulties became apparent. 
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ii) Benzyl cyanide 
iii) H3Q+ 
Figure 2.12 
If the benzylic cyanide and the benzylic halide contained protected hydroxyl- and 
protected carboxyl- groups in the para- positions, the resulting asymmetric dibenzyl 
ketone could be incorporated into a polyester, perhaps as a copolymer with 
para-hydroxybenzoic acid, which would be more economical with the precursor 
fragment. It was envisaged that the dibenzyl ketone could then be reacted with glyoxal 
or a masked form of glyoxal in a simple condensation synthesis of the cyclone (figure 
2.13.) 
X y 
X 
... 
glyoxal X 
y 
Figure 2.13 
Two problems surfaced with this approach. The first came with the synthesis of the 
dibenzyl ketone (dibenzyl ketone itself was synthesized as a model study.) Whilst the 
author is well aware of the problems which frequently manifest themselves with the use 
of benzylic Grignard reagents the degree of Wurtz-type self-coupling between Grignard 
and unreacted benzyl chloride was surprisingly large and typicallY. the bis(benzyl) 
coupling product constituted fifty percent of the isolated material. Additionally, other 
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unidentified by-products were significant components of the reaction, including, it is 
thought, an isonitrile, 'identified' by its nauseating stench. The yield of ketone was 
never above 40%. Thus it became clear that provision of suitable 4,4' -disubstituted 
dibenzyl ketones might be a problem. 
At this juncture, it was decided to investigate the synthesis of the cyclone from 
commercial dibenzyl ketone in order to save a little time. Here the other problem first 
appeared. Glyoxal is cheap and readily available as aqueous solution, but rapidly 
polymerizes in the presence of bases, e.g. catalysts for the aldol condensation. It had 
been noticed in a literature survey through Chern. Abs. that the desired cyclone has not 
been studied to the same extent as other, more substituted cyclones. According to that 
search, the only Chern. Abs. reference to this compound was in regard to its postulated 
production in the pyrolysis of an iron organometallic complex[l261. Whilst there are a 
number of good synthetic papers on 2,3,4,5-tetrasubstituted-2,4-cyclo-pentadien-1-ones 
in the literaturel1271 there is an absence of synthetic information regarding the 
production of 2,5-disubstituted cyclones. It was decided to press ahead with a 
speculative synthesis, as indicated in scheme 2.14. 
R 
R r=N+ 
N+-....1 'R 
I 
R 
Figure 2.14 
The interesting part of this speculative synthesis is the provision of the masked form of 
glyoxal, i.e. the iminium salt. Iminium salts are known intermediates in the Mannich 
reaction (another possibility for synthesis of the cyclone) and the simplest compound of 
this type, Eschenmoser's salt H2C=N+Me2 I- has been used in a number of syntheses. 
The author was given a very simple and attractive methodl1281 for the preparation of the 
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cognate chloride (the synthesis of Eschenmoser's salt itself is tedious and difficult in 
the author's experience) which suggested a method for preparing the bisiminium salt as 
in 2.14. The method of synthesizing the Eschenmoser chloride salt is shown in scheme 
2.15. 
H 
I 
-N 
H\ + =0 
I 
-N 
\ 
0 
... AN/' + 
I 
Figure 2.15 
It was felt that this approach might usefully be extended by replacing formaldehyde 
with glyoxal. However, simply repeating the reaction using dirnethylamine would not 
be satisfactory, The literature suggested that stable tetrakis amine adducts of glyoxal 
could only be formed with a few hindered arnines, such as morpholine. Whilst other 
amines react with glyoxal, the tetrasubstitued ethane formed immediately eliminates 
amine to give trisubstituted ethylene derivatives. Accordingly, a preparation of 
1,1,2,2-tetramorpholinoethanel1291 was pursued with success, the desired compound 
being isolated in excellent yield. However, upon treatment with acetyl chloride in 
tetrahydrofuran (the tetramorpholinoethane is only sparingly soluble in ether) a deep 
purple precipitate appeared which proved difficult to characterize. It was shown by 
elemental analysis that it was not the desired salt. 
The conclusions drawn from this initial work are as follows. 
1) Acetals cannot be halogenated using reagents which generate radicals or 
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which are likely to produce acids. 
2) The limited benzene ring synthesis chemistry explored is not satisfactory 
for a precursor route. 
These preliminary investigations had occupied six months and appeared to be leading 
nowhere. However, the first attempts to hydrolyse the acetoxy- group of 
para-acetoxybenzaldehyde diethyl acetal had produced an unusual result which was 
followed up as indicated in chapter 3. 
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Chapter 3. Potential Routes to Polv(para-hvdroxybenzoic acid) via 
Quinone Methides 
The initial investigations which occupied the first six months of this project had shown 
that a benzene ring synthesis was poorly supported by the literature (see chapter 1) and 
that those syntheses which were known, were limited in their scope by the necessity to 
have various substituents on the benzene ring and in specific positions. Having 
examined these methods, it was becoming clear that this approach was unlikely to be of 
service, given the facts that oxygen has to be attached para to the carboxylic acid 
function and without other substituents on the ring. For other systems, more 
encouraging results might have been produced, but after much pushing of curly arrows 
and 'combing of the literature, it was reluctantly conceded that the very specific 
requirements of the precursor made the approach via generation of a benzene ring 
unlikely to succeed. Attempts to change the target molecule (see chapter 2) so as to 
make the synthetic problems easier were unsuccessful. It also seemed probable that, 
simultaneously with offering potential solutions to some aspects of the synthetic 
problem, new problems had been created which were not necessarily going to be any 
easier to solve. The rather naive approaches to halogenating ketals had simply 
substantiated existing synthetic work in the literature and had made no progress 
towards the goal, except in one surprising and irreproducible reaction. 
A small quantity of para-acetoxybenzaldehyde diethyl acetal (1, figure 3.1) had been 
made. and efforts were under way to try to find synthetic conditions which would 
pennit the hydrolysis of the ester to liberate para-hydroxybenzaldehyde diethyl acetal 
45 
KOH 
hydrolyse 
ester 
/-oH 
HO 'f 
Ho- vs. Eto-
Figure 3.1. An hypothesis to account for the 
basic hydrolysis of para-acetoxybenzaldehyde diethyl acetal 
such that the acetal function was left intact (which precluded anything acidic) and 
which would also ensure that the corresponding a.-haloacetal (if it could be made) 
would not be harmed. As a first step, it was decided to boil the ester-acetal with 
ethanolic potassium hydroxide; hardly the conditions which would be expected to leave 
a reactive benzylic halide intact, but chosen to demonstrate that the ester could at least 
be cleaved. It was intended to then modify the reaction conditions to the point that 
survival of a benzylic halide was more likely, perhaps by modifying the approach to 
ester exchange using a neutral catalyst e.g. titanium tetrabutoxide in an anhydrous 
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alcohol. In the event this was unnecessary, since no a-haloacetal was made, but the 
hydrolysis with ethanolic potassium hydroxide produced not the hydroxy-acetal, but 
most unexpectedly para-hydroxybenzaldehyde. This reaction was subsequently 
repeated but the result could not be reproduced. Perhaps the flask used for the first 
reaction had contained a strong acid catalyst which had adsorbed on the glass. 
Whatever the reason, whether the result was genuine but irreproducible, or the product 
of unknown impurities, this result is recorded because it started a chain of thought 
It was evident that direct displacement of an ethoxide ion from the acetal by hydroxide 
ion was impossible. It was equally clear that at some point in the reaction, 
para-hydroxybenzaldehyde diethyl acetal had probably been produced. Working under 
the (probably incorrect) assumption that the observed formation of 
para-hydroxybenzaldehyde really was brought about purely by these reaction 
conditions, the mechanism shown in figure 3.1 was conceived. There are several 
aspects of this mechanism which though contrary to common experience are not 
unique. Expulsion of an ethoxide ion by a phenoxide seems most unusual. Maybe the 
fact that it occurs by "long range" neighbouring group participation mitigates it, but the 
author is unaware of any examples where such a displacement occurs interrnolecularly, 
e.g. by SN2. On the other hand, there are indeed intramolecular examples. The most 
appropriate of these is that furnished by OrlandoU301 who discovered that 
OH 
CH(OMeh 
xylene 140°C 
-MeOH 
0 61% 
CH-OMe 
Figure 3.2. Elimination of methanol from 
3,5-ditertbutyl -4-hydroxybenzaldehyde dimethyl acetal, after Orlando. 
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3,5-ditertbutyl-4-hydroxybenzaldehyde dimethyl acetal loses methanol at 140°C in 
refluxing xylene to give 7-methoxy-2,6-ditertbutyl1,4-benzoquinonemethide, 2 in 
Figure 3.2. In this case the product is stable and is isolated by recrystallisation from 
hexane. The next stage in the proposed mechanism also gives rise to concern, in that 
hydroxide is depicted as the successful attacking nucleophile when the reaction is 
actually performed in an equilibrium hydroxide-ethoxide mixture. Ethoxide ion is the 
better nucleophile of the two. The attack of nucleophiles upon quinone methides is 
well-documented, e.g. the work of Volod'kin et atf1311 who showed that halogen acids 
react with quinone methides. W angf1321 showed that methanol adds to a 
dichloroquinonemethide under acid catalysis, to yield an ester, figure 3.3. This 
observation was deemed to be of considerable consequence for this project 
0 OH Rql R MeOH R*l R R =But 
tr. lNHCl ~ 
CC12 C02Me 
Figure 3.3 
In the proposed scheme for the basic hydrolysis of para-acetoxybenzaldehyde diethyl 
acetal, it may be that since the equilibrium between hydroxide and ethoxide in ca. 97% 
ethanol(aq.) favours hydroxide, a statistical factor determines that hydroxide may 
compete effectively with ethoxide for the quinone methide intermediate. In any event, 
if ethoxide does react, the phenoxide ion of para-hydroxybenzaldehyde diethyl acetal 
would be regenerated. Only a small success of attack by hydroxide would thus be 
needed to tip the balance to the hemiacetal product side. Similar comments can be 
made about the next stage, the intramolecular expulsion of ethoxide rather than 
hydroxide. If it succeeds, product is formed and if not, the quinone methide is 
regenerated. It is possible that ethoxide is effectively removed from these reactions by 
the hydroxide-ethoxide equilibrium and that this provides a driving force. 
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The entire mechanism depicted is in all likelihood wrong; the supposedly basic 
hydrolysis reaction of an acetal which requires a mechanistic explanation probably 
happened as a consequence of some acidic impurity or during work-up, BUT the notion 
it gave rise to, that a quinone methide might be put to use in the synthesis which was 
the objective of this study, was deemed important and potentially useful. 
Figure 3.4 0 
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1,4- and 1,2- Benzoquinonemethide 
1,4-Quinone methides are, generally speaking, reactive molecules. Only in cases where 
attack at the exocyclic alkylidene (the 7-position) and the positions ortho- to the 
carbonyl has been blocked by suitable substituents, can they be isolated. Similar 
restrictions apply to 1,2-quinonemethides. The simpler, less-substituted, members of 
the group are highly reactive and unstable intermediates whose existence frequently 
can only be inferred by, for example, their addition products with nucleophiles, or 
proved only via spectroscopy on matrix-isolated samples at low temperature. Quinone 
methides are known to be intermediates in the formation of phenol-formaldehyde 
resins[133•1341 in which process mixtures of 1,2- and 1,4- quinone methides undergo 
uncontrolled cross-linking as part of the mechanism of formation. 
They are related to the equally unstable and reactive quinodimethanes, the parent 
compound of which, para-benzoquinodimethane, occupies an important niche in 
polymer chemistry as the progenitor of poly(para-xylylene) in several syntheses. 
Errede and Szwarcf1351 have undertaken intensive studies on this latter system. The 
intermediate para-benzoquinodimethane is made via vacuum pyrolysis of 
para-cyclophane and is used to produce surface coatings. These coatings are known to 
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be highly cross-linked and, as made, to contain a high spin density. 
One of the first syntheses of para-benzoquinodimethane was reported in 1954 by Mann 
and StewartU36l who observed the formation of low molecular weight[l35] polymer 
from the decomposition of Grignard reagents of the kind shown below in figure 3.5. In 
the absence of any compelling evidence they postulated the intermediacy of 1,4- and 
1,2- benzoquinonemethide and their subsequent polymerisation. 
OMe 
"high polymer" 
CH2MgBr 
CH2MgBr ~ ~OMe--..~ u "high polymer" 
Figure 3.5 
Interestingly, the meta- Grignard was obtained in good yield. There is no conjugation 
between the Grignard and the meta-benzylic ether, which accounts for the suppression 
of elimination. Meta-quinone methides and meta-quinodimethanes are, like 
meta-quinones, unknown. It is also of interest that Mann and Stewart found the 
polymer from the ortho- Grignard softened at 60°C and could be drawn into fibres, 
whereas the para- Grignard product did not soften even at 200°C. Mann and Stewart's 
solution phase synthesis may well have given a linear, structurally homogenous 
material. 
Thiele and Dirhrothl1371 had observed an analogous phenomenon in 1899, but were 
unable to explain it since the concept of the macromolecule was then unaccepted. They 
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had synthesised ortho-hydroxybenzylmethyl ether, but found that whenever they 
attempted to distil it or to dry it with calcium chloride, it decomposed and gave a 
~Me &O- "resin" 
Figure 3.6 
They discovered that their calcium chloride contained traces of base and that when they 
used a non-basic drying agent the compound did not undergo decomposition on drying. 
It seems likely that the initial decomposition product was 1,2-benzoquinonemethide, 
which being unsubstituted, rapidly polymerised. 
The initial elimination reaction is akin to the elimination of ethoxide from 
para-hydroxybenzaldehyde diethyl acetal in the proposed basic hydrolysis of 
para-acetoxybenzaldehyde diethyl acetal. It has subsequently been reportedl1381 that 
under controlled conditions at -20°C, 1,2-benzoquinonemethide trimerises as shown 
below, figure 3.7. 
0 
3 
Figure 3.7 
However, Cavitt et a/[1391 found that para-hydroxybenzylmethyl ether did not lose 
methanol by pyrolysis, even at 900°C, figure 3.8. This is in surprising contrast to the 
observations made by Orlando (vide supra) and by Thiele and Dimroth. 
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Figure 3.8 
A related observation was made by Auwers in 1903[1401 who undertook a considerable 
range of investigations on simple quinone methides, although it is debatable whether he 
really isolated some of the molecules claimed. He did, however, recognise that he had 
obtained polymerisation products in place of monomeric 1,4-benzoquinonemethide, 
although the macromolecular nature of polymers was still not accepted; they were then 
thought to be colloids of some kind. 
~------------------------------~ OH 
Figure 3.9. After Auwers. 
Figure 3.9 is taken from Auwers' paper and clearly indicates his understanding that he 
had not obtained a monomeric product. The X atom was understood to be halogen or a 
secondary amino moiety. The reaction conditions were treatment with aqueous base. 
He also noted that an isomeric material was produced in the reaction and he believed 
this to be a stilbene derivative. Compounds similar to stilbene are now known to be 
formedl 1411 in certain preparations of quinone methides by disproportionation reactions, 
figure 3.10, particularly when the ortho- positions are blocked. 
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Figure 3.11 
Parker[1421 reported that stilbenes are formed from the electrolytic oxidation of phenols 
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in non-nucleophilic solvents, and points out that the reaction proceeds via quinone 
methide intermediates, figure 3.11. 
A particularly interesting observation was reported by Jonesf1431 m 1947. When 
para-trifluoromethylphenol was treated with dilute (lN sodium hydroxide) aqueous 
base, a water-insoluble material was precipitated which could be dissolved in ether. 
This too was regarded as "high polymer" and it was suggested that it was a linear 
material. Since it was soluble, it was not cross-linked. 
However, Jones observed that the fluorine remaining in the polymer could not be 
readily removed by hydrolysis. This was in marked contrast to the result observed 
when decomposition of para-trifluoromethylphenol was brought about by a trace of 
hydrofluoric acid in place of base. In this instance, the residue obtained was insoluble 
in petroleum ether and after boiling with 12N sodium hydroxide, para-hydroxybenzoic 
acid was isolated. A possible rationalisation of Jones' observations is outlined below. 
The intermediate ether, 3, figure 3.12, was not suggested by Jones, but the elemental 
analysis reported fits this structure. The polyether 4, figure 3.13, was suggested as the 
product of dilute base treatment. 
OH 
tr.HF 
... 
3 days 
OH 
F 
3 
CF3 
Figure 3.12 
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Figure 3.13 
It is possible that the reason why the "high polymer" did not hydrolyse when boiled 
with aqueous sodium hydroxide is that access by hydroxide ion to the 
difluoromethylene groups is prevented in this heterogeneous reaction between an 
aqueous reagent and a water-insoluble polymer, even though x-ray scattering 
measurements undertaken by the author showed that it is of low crystallinity. 
Alternatively, if hydrolysis itself proceeds by intermediacy of a quinone methide, the 
chain can only degrade from the hydroxyl-terminated chain end. In either case, access 
is highly restricted at the surface and chain ends and the reaction would be expected to 
be slow. 
0 OH 
+ 
F 
F 
P =polymer chain +polymer 
Figure 3.14 Proposed hydrolysis mechanism for Jones' Polymer 
Jones had observed that when para-trifluoromethylphenol was treated with 12N sodium 
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hydroxide, only para-hydroxybenzoic acid was produced. Thus the lifetime of 
7, 7 -difluoro-1 ,4-benzoquinone methide is apparently strongly dependent on the base 
concentration. In relatively dilute base (1N sodium hydroxide) the quinone methide can 
polymerise faster than the difluoromethylene group is hydrolysed, i.e. it adds to itself 
faster than it is attacked by the hydroxide ion. Attainment of high molecular weight is 
limited by the precipitation of the polymer from the reaction medium. 
The preparation of Jones' polymer was repeated and analysis by gel permeation 
chromatography (GPC) in tetrahydrofuran (THF) indicated a peak molecular weight 
(polystyrene equivalent) of ca. 9000, see Appendix 2. By 1947 standards this is indeed 
"high polymer" and corresponds to a degree of polymerisation of ca. 63 monomer units. 
HPLC in 40% acetonitrile (balance water) on a Hypersil 5 ODS reverse phase column 
(flow 1.5ml/min) showed the presence of three major, low-molecular weight impurities 
constituting 5%, 6.2% and 5.5% of the total respectively. 
It seemed possible that a much higher molecular weight material than that synthesised 
by Jones might be obtained by manipulation of the synthetic conditions. Firstly, 
nucleophilic attack on and hydrolysis of the quinone methide intermediate by the base 
would have to be prevented. The polymerisation "initiator" would thus need to be a 
sterically-hindered, non-nucleophilic base. Secondly, the growing polymer chain would 
have to be kept in solution and access to the chain ends kept open by choice of a 
suitable solvent. It appeared that tert-butyllithium might be a suitable base. Acidic 
proton abstraction being much faster than halogen exchange at ambient temperature, it 
was decided to perform the reaction with only moderate cooling (ice bath) on a small 
scale. The solvent chosen was TIIF, which was already known to dissolve the polymer 
and which is capable of solvating partial charges. 
However, on work-up, no polymer was obtained from the solution. Instead, nearly all 
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of the material was water-soluble, and after standing for some time, a precipitate was 
deposited from the aqueous washings. The conclusion was reached that the 
intermediate quinone methide did not polymerise in the absence of a nucleophilic 
"initiator". The organic-soluble material was shown to be starting material by nmr, 
whilst the precipitate which was deposited from the aqueous washings was identical 
with Jones' polymer. 
A similar polymerisation was observed by Murray[ 1441, who treated para-(2-chloro-
perfluoro-2-propyl)phenol with base and obtained a polymer which yielded 
7, 7 -di(trifluoromethyl)-1 ,4-benzoquinonemethide upon vacuum pyrolysis, and which 
was isolated in an argon matrix, figure 3.15. 
OH 0 
Na0Bu1 175-185°C 
----[> 0 ----[> 
0.05-1mm 
77K 
Figure 3.15 
On the basis that 7,7-difluoro- and 7,7-di(trifluoromethyl)-1,4-benzoquinonemethide 
undergo polymerisation to give a linear polymer, it was felt that 
7,7-dichloro-1,4-quinonemethide might also do so. It was expected that the benzylic 
chlorines in the product would hydrolyse much more easily than the benzylic fluorines 
in Jones' polymer, by SN 1 displacement rather than via the quinone methide, as 
chloride is a far superior leaving group. It was additionally intended to block any 
possibility of chain scission via quinone methide intermediates by end-capping the 
polymer with e.g. iodomethane. 
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Figure 3.16. Hydrolysis of precursor polymers 
Upon conversion of the precursor polymers shown above by hydrolysis, the polymer of 
7 ,7-d.iethoxy-1,4-benzoquinonemethide will undergo chain scission, since phenoxide is 
a better leaving group than ethoxide. With the alternative precursor shown, the linear 
polymer of 7,7-d.ichloro-1,4-benzoquinonemethide, the reverse is true. Little chain 
scission would be expected, as chloride is a much better leaving group than phenoxide. 
One possible problem which would have to be faced, would be the gradual reduction of 
access to hydroxide ion as the precursor polymer, pol y(7, 7 -d.ichloro-
-1,4-benzoquinonemethide), began to convert to poly(para-hydroxybenzoic acid). The 
problem would be expected as the product is known to be highly crystalline and 
insoluble in almost every solvent. Certainly it is insoluble in anything compatible with 
basic hydrolysis of the precursor. Regardless of the precursor polymer chosen, if the 
conversion step involved treatment with a reagent, this problem would very probably 
remain the same. It would be desirable to maximise the surface area to volume ratio of 
the precursor molecules to increase accessibility to reagent, and this suggests a fine 
fibre. However, it would also be essential to minimise crystallinity in the fibre, as 
diffusion of reagent can only occur through amorphous regions. An undrawn fibre 
would thus be preferable. 
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However, in the synthesis of poly(para-hydroxybenzoic acid) from the carbonyl 
precursors considered, drawing of the precursor fibre prior to conversion could be 
advantageous. Conformational changes from random coil with short persistence length 
to a more rod-like material would be expected to occur during hydrolysis of the 
precursor. Drawing prior to conversion would effectively lower the activation energy 
barrier for the conversion process, since the starting material, the precursor polymer, 
would already be m a conformation similar to a product-like i.e. 
poly(para-hydroxybenzoic acid)-like transition state. The trade-off would be that a 
lowered activation energy for conversion would be useless if the reactants and 
by-products could not diffuse in and out of the fibre. Clearly, these conflicting 
requirements would need detailed examination if a suitable precursor route could be 
established. 
It was thus decided to attempt the synthesis of 7,7-dichloro-1,4-benzoquinonemethide, 
since there was a reasonable chance that it would spontaneously polymerise to give a 
suitable precursor polymer. A suitable synthetic route was needed to prepare it 
1) Staudinger's Ketene Route 
One of the first preparations of isolable qumone methides was achieved by 
Staudinger11451 who reacted p-benzoquinone with diphenylketene. The intermediate 
spirolactone was isolated and could be pyrolysed in vacuo to yield the desired quinone 
methide plus carbon dioxide. 
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Figure 3.17 
The initial step of this synthesis is a symmetry-allowed [7t2s+7t2a] cycloaddition. The 
reaction is more commonly encountered in the formation of cyclobutanesU461 from 
ketenes plus olefins, a reaction which is known to be concertedf1471. 
The foregoing implies that 7,7 -dichloro-1 ,4-benzoquinonemethide might be produced 
via the 2+2 cycloaddition of dichloroketene with p-benzoquinone. Dichloroketene has 
been much-used in 2+2 cycloaddition reactions. Many examples exist of its addition to 
carbon-carbon double bonds[1481 and there are a few examples of addition to 
carbonylsU491. Ketene itself is known to participate in this reaction although only the 
1:2 p-benzoquinone:ketene adduct has been studied, which pyrolyses to 
1,4-quinodimethane. Hagemeyerf150l has studied this reaction and claimed it as a route 
to poly(para-xylylene). 
The author made a number of attempts to produce the required adduct for the synthesis 
of 7, 7 -dichloro-1 ,4-benzoquinonemethide. Following the literature, two main methods 
were used to produce the dichloroketene. 
One method uses elimination of hydrogen chloride from dichloroacetyl chloride by 
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triethylamineU5ll at reduced temperature, usually -20°C. The reaction is exothermic 
and needs to be controlled, not only from the point of view of safety, but also from the 
viewpoint of increased practical success, since dichloroketene polymerises to a black 
tar very readily at ambient temperatures and above. The appearance of precipitated 
amine hydrochloride in the reaction vessel gives a measure of the reaction rate, allows 
the efficient regulation of the rate of addition of acid chloride to base and thence good 
temperature control. The addition to the quinone is performed in situ, or alternatively, 
the solution can be filtered through a sinter under a dry gas blanket and the substrate for 
the addition then added, together with any catalysts required. Experimentally, the in 
situ method is preferred, as both dichloroacetyl chloride and dichloroketene solutions 
are noxious and the latter is very reactive. Generating the ketene in the presence of the 
substrate minimises material losses and practical difficulties. It also avoids the problem 
of the dichloroketene solution warming considerably during filtration, a problem which 
often arose when this technique was used owing to partial blockage of the sinter by 
finely-divided amine hydrochloride. Unfortunately, it is sometimes essential to remove 
the precipitated amine hydrochloride. Some literature sources suggest that amine 
hydrochlorides may be detrimental to 2+2 cycloaddition reactions of ketenesf1521 and 
prefer to remove the precipitate. Othersfl531 find that addition reactions of 
dichloroketene are sluggish unless catalysed and remove amine hydrochloride so that 
incompatibility with Lewis acid catalysts, such as zinc chloridef1541 which is widely 
used in these procedures, may be avoided. Unless it is essential to filter the 
dichloroketene solution, hydrolysis may be satisfactorily prevented by means of a 
drying tube on the vessel and the use of dry nitrogen is unnecessary. When filtration is 
essential, losses of dichloroketene to tar formation can be minimised by cooling the 
reaction product mixture to a much lower temperature than that used for the reaction, 
e.g. -78°C, prior to filtration. Pre-cooling the filtration apparatus proved inconvenient 
and increased the chances of losses due to hydrolysis, by encouraging condensation of 
moisture before the reaction mixture could be introduced. 
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The major alternative to this method of dichloroketene production is the reaction of 
trichloroacetyl chloride with activated zincC1551. Again there is a problem of 
containment and handling regarding the acid chloride and dichloroketene, because of 
toxicity. The other problems with this method arise from the fact that the reaction 
between the acid chloride and zinc is critically dependent upon the swface of the zinc. 
It is also essential to employ zinc powder or dust in order to achieve a satisfactory rate 
of reaction. Initially the zinc was passed through a fine (90j.l.m) sieve. It came as 
something of a surprise to find that residue from the first preparations of dichloroketene 
by this method, in which the zinc had not been sieved, contained foreign matter such as 
broken glass and unidentified metal particles (which were probably steel.) These 
contaminants must have been present in the BDH product. 
Two main methods exist for the activation of zinc powder. One uses acid etching of the 
swface, followed by washing to neutrality with water, removal of water by washing 
with alcohol and fmal drying in vacuo[1561. The otherC1571 etches the swface by 
electrolytic metal exchange, using an aqueous solution of copper em sulphate to wash 
the zinc and prepare a zinc-copper couple, which is then washed and dried as for the 
previous method. It is essential to store the prepared zinc under a dry, inert atmosphere 
and to use it as soon as possible, since the surface is easily contaminated. In terms of 
practical convenience, there is nothing to choose between these methods and they 
appear to have been used equally, as judged by literature reports. The practical success 
rate is purportedly good, but some authorsC 1581 comment on the induction period which 
was often observed during the course of this research in the reaction with 
trichloroacetyl chloride. The experience obtained in the course of this project was that 
both methods of activation are equally unreliable. Irrespective of the method of 
activation chosen and the source of the zinc, some reactions failed to proceed at all 
whilst others "took off' with considerable vigour. This was even true when the zinc and 
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acid chloride were from the same batches and used on the same day. The lack of 
reproducibility was minimised by ensuring that the acid chloride was vacuum 
transferred prior to use, but even so, the reactions were disagreeable to conduct It was 
noticeable that more problems with lengthy induction periods were encountered when 
vacuum transferred samples had been allowed to stand overnight. 
Control of the zinc-acid chloride reaction was, as stated above, difficult and the 
experiments could be unpleasant. The dehalogenation is exothermic; the heat of 
formation of zinc chloride is about 420kJ/mol and the exotherm is increased by the heat 
of solution. This provides its own problems, for a lack of good control promotes the 
production of large amounts of tarry, polymeric by-products from the dichloroketene. 
Aside from the waste this represents, and the concomitant low yield of products, it also 
makes work-up an unpleasant operation, since the tar is corrosive, toxic and 
foul-smelling, attacks rubber gloves, shares solubility properties with both substrate 
and products and "streaks" on chromatographic supports. Isolating pure materials from 
such a mess proved to be impossible and it was rapidly recognised that the only 
sensible approach to the products arising from thermal runaway was to discard them 
and do the reaction again. On the positive side, the zinc chloride produced from the 
dehalogenation is an effective catalyst for the 2+2 cycloaddition, which results in less 
wastage of dichloroketene due to poor temperature control than would be the case for 
the amine-dichloroacetyl chloride reaction, since the ketene is more effectively 
scavenged by the substrate. If there was no catalyst present in the reaction, it seems 
probable that this method of preparation would not yield acceptable results at all, as is 
the case for the dehydrohalogenation reaction when conducted at ambient temperature, 
under which conditions only tarry dichloroketene polymers are produced. Using ether 
as the reaction solvent helps the thermal control problem, since the maximum 
temperature is limited to 35°C. However, it has disadvantages since serious· thermal 
runaways also have more serious potential consequences. It is essential for this reason, 
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in addition to preventing hydrolysis, that the reactions be conducted under a blanket of 
dry, inert gas. It is possible to use other solvents for this reaction, but they must be 
compatible with acid chlorides and capable of dissolving zinc chloride. In practice this 
means ethers, except for cyclic ethers such as tetrahydrofuran which may polymerise 
under these conditionsU591. Unfortunately, higher-boiling solvents aggravate the 
problem of tar production. 
Two variants on the above preparations of dichloroketene were tried. Both used flow 
systems. The object of this was to make the dichloroketene and then quickly condense 
it at low temperature in a liquid air trap containing the substrate, where it would remain 
monomeric until needed. Its addition could then be controlled by careful warming. The 
flow system ensured low residence time at the temperature of ketene synthesis and 
reduced opportunity for polymer formation. Any polymer which did form, coated the 
reactor and was thus excluded from the trap and subsequent reactions. This, at least in 
theory, would make work-up easier. 
In the first method, triethylamine and dichloroacetyl chloride were mixed in the vapour 
phase at reduced pressure in a cooled tubular reactor. The resulting dichloroketene was 
filtered through an in-line glass wool plug to separate the product from amine 
hydrochloride "smoke" and was then condensed in a cold trap. Unfortunately, whilst 
this method was very good at producing dichloroketene free from amine hydrochloride, 
without the unpleasant manipulation problems associated with filtration of a 
dichloroketene solution under a nitrogen blanket through a sinter, it was very difficult 
to regulate the flow of reagents. If the flow was not precisely controlled to give an 
equimolar mixture in the gas phase, excess reagents passed into the trap. This proved 
hazardous, since dehydrohalogenation could then occur uncontrolled when solvent was 
added and the mixture warmed up. With practice, the transfer rate could be judged 
nicely and some success was obtained in producing uncontaminated dichloroketene this 
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way, although for safety this method could only be used on a small scale. Absence of 
ether-insoluble amine hydrochloride in the trap was taken as evidence of a good run. 
However, considering the potential hazard and the difficulty of regulating the flow of 
the reactants, it cannot be said that the method was much superior to the more 
conventional liquid phase technique. It did avoid the leakage and blockage problems 
associated with filtration of solutions of the ketene at low temperature, and was used 
primarily as an alternative to it when clean dichloroketene solutions were needed for 
use with zinc chloride-catalysed additions, for which in situ preparations were 
inappropriate. 
The flow system devised for the zinc-trichloroacetyl chloride reaction was less 
successful. A tubular reactor was packed with activated zinc powder (prepared by 
either of the two methods) and enclosed in a furnace which had been calibrated with 
the empty tube in place. Trichloroacetyl chloride vapour was drawn through the bed of 
zinc under reduced pressure, either with or without assistance of a nitrogen purge. The 
emerging gases were passed through a cold trap. Below 200°C, reaction was 
insignificant and unchanged trichloroacetyl chloride was recovered from the trap and 
could be recycled. Above 350°C, no material reached the trap. A continuous gradation 
of reactivity was observed between these limits. Either the acid chloride was condensed 
unchanged, or it reacted and the resulting dichloroketene decomposed on the column of 
zinc before it could be trapped. Even when nitrogen flow was removed and the system 
run at w-2mbar and below, the residence time was too long for the survival of the 
ketene. The only material which ever collected in the trap was unreacted acid chloride 
and only the mass balance of the reaction varied with temperature and flow rate. This 
suggests that there is no selectivity between the removal of the first mole of chlorine 
from the acid chloride and the removal of the second mole from the gem-dichloro-
group of the dichloroketene, which is surprising. It may be that the removal of the 
second mole is actually easier, but this runs contrary to common experience of the 
65 
reactivity of organic chlorine compounds, in which the chlorine in acid chlorides and in 
trichloromethyl groups is always regarded as more reactive to abstraction and 
displacement than chlorine in a,a-dichloro-olefins. Perhaps the dichloroketene 
produced in the flow system coordinates efficiently with the zinc chloride which is 
simultaneously produced, and the increased residence time brought about by that 
coordination gives chance for further decomposition. Lewis acids do form coordination 
complexes with carbonyl compounds; much use is made of this in the Friedel-Crafts 
acylation. 
Benzoquinone and cyclohexanone were reacted with dichloroketene made by both 
dehydrohalogenation and dehalogenation. It has been reported[1601 that the yield from 
dichloroketene additions is dependent on the method of synthesis. Whether this is 
brought about as a consequence of impurities in the starting materials or the 
by-products of the reaction is unknown. The latter is more likely, as triethylamine 
hydrochloride is reported to inhibit 2+2 cycloadditions[1611 whilst the zinc chloride 
produced in the dehalogenation scheme is a Lewis acid catalyst and is known to 
promote some 2+2 cycloadditionsU621. Both methods were tried. In the case of 
dehydrohalogenation, this was tried both in situ and via preparation of dichloroketene 
solutions free of amine hydrochloride, which were then used both with and without 
added ethereal zinc chloride catalyst. Some support for the Lewis acid hypothesis of 
differing dichloroketene reactivity was obtained, in that some of those reactions which 
worked with dichloroketene made by dehalogenation also worked with dichloroketene 
made by dehydrohalogenation when zinc chloride solution in ether was added, but not 
without it. However, catalysis was not observed when trace amounts were used. 
Reasonable yields (conversions in the case of benzoquinone) were only observed with 
large (molar equivalent) proportions of added catalyst, but reproducibility of these 
results was poor. This was in part owmg to the thermal runaway and zinc 
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activation/reactivity problems associated with the dehalogenation route to 
dichloroketene, which made it difficult to assess whether a reaction had really 
succeeded or failed. One attempt was made to catalyse addition of dichloroketene to 
cyclohexanone with ultraviolet light. The reaction produced a large amount of 
polymeric tar; evidently the addition of dichloroketene to itself is also well-catalysed 
under these conditions, although there are other possible products from such a reaction. 
Staudinger reportedl1631 that the initially-formed ~-lactone is itself sensitive to 
ultra-violet light and undergoes a rearrangement reaction. 
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Figure 3.18 OH 
The outcome of these attempts was that no pure spirolactone was isolated from 
reactions on benzoquinone. However, that is not to say that dichloroketene did not react 
with benzoquinone. With "successful" dehalogenation syntheses, benzoquinone reacted 
to give complex mixtures of tarry products in excellent yield. Unfortunately, nothing 
identifiable could be isolated from them. With zinc chloride-catalysed 
dehydrohalogenation reactions, the results were conflicting. Sometimes the reactions 
followed a similar course to the above to give tarry products, sometimes benzoquinone 
could be recovered unchanged. 
With uncatalysed in situ dehydrohalogenation reactions, it appeared by mass balance 
that an adduct was formed in 80-97% yield based on the expected spirolactone, 
although any attempt to purify it by recrystallisation resulted in the production of some 
tar and the recovery of some benzoquinone. This yellow material was hard to handle, as 
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it readily decomposed, and was difficult to characterise, the data collected suggesting 
conflicting conclusions. The solid melted at ca. 70°C with decomposition, resolidified 
and remained solid to 400°C, the limit of the melting point apparatus. Infra-red (KBr 
disk) indicated that the product contained C-0 single bonds (strong absorption at ca. 
1200cm-1.) The carbonyl frequency of the expected ~-lactone ring should be increased 
over that of an aliphatic ester carbonyl, both by the small ring size and the a-chlorine 
substituents. In the yellow product, there is an absorption at 1850cm-1 which probably 
corresponds to the lactone carbonyl stretch. Generally, ~-lactones have carbonyl 
absorptions of ca. 1840cm-1 [1641 whilst a-substitution of chlorine can add 10-20 
wavenumbers to this figure. 
On a 1LC plate (silica, ethyl acetate eluent) the material "streaked" but at least four 
"components" were visible, although it is possible that these were simply 
decomposition products. The solid also underwent spontaneous decomposition at 
ambient temperature, converting to a brown tar overnight. Brady et ail165l noted that 
the lactones formed by dichloroketene addition to carbonyl compounds were 
particularly susceptible to thermal decomposition. Carbon-13 nmr suggested that the 
material was a mixture, containing benzoquinone, yet when it was heated under 
vacuum, no benzoquinone sublimed out of it. The remaining peaks in the spectrum are 
possibly consistent with the expected lactone, plus other contaminants. 
Despite the inconsistencies, these latter in situ dehydrohalogenation reactions were 
nevertheless of some interest. If the solid yellow adduct resulting from these reactions 
was heated in vacuo (aspirator pump) it became a tar at 60-70°C, copious quantities of 
gas were evolved and a red solid was left in the flask. The weight loss in these reactions 
closely matched the expected loss for the evolution of carbon dioxide from the 
expected lactone. This evidence suggested that reaction of dichloroketene with 
benzoquinone had occurred and that the initial product of this reaction, the yellow 
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solid, was not simply a mixture of benzoquinone plus other materials. 
The fact that no pure intermediate could be isolated, taken in conjunction with the 
spectroscopic evidence, suggested that perhaps a reversible complex formation was 
taking place. If the material dissociated in solvents, it would explain the ability to 
recover benzoquinone and produce tarry polymers when attempts were made to 
recrystallise it, would explain the appearance of the 13C spectrum in solution, yet 
simultaneously explain why heating the product dry caused irreversible decomposition. 
It would also explain why catalytic addition of dichloroketene to benzoquinone using 
zinc chloride could bring about decomposition to complex products, without being able 
to isolate even the labile intermediate. It is possible that, unlike ketene-olefm addition, 
ketene addition to a carbonyl is not a concerted, one-step reaction, but there is no 
evidence to support this. If this is a two-stage addition, like the Wittig reaction where 
betaine formation[ 1661 takes place in two stages, it could be that the zwitterionic 
intermediate shown below in figure 3.19 is unusually stable when dichloroketene is 
used, owing to the ability of the two chlorines to stabilise a negative charge, whilst the 
quinone ring can stabilise a charge by delocalising it. 
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Perhaps it is this intermediate which is present in the solutions from uncatalysed 
reactions of benzoquinone with dichloroketene, produced by the dehydrohalogenation 
route. Evidently, in the case of cyclohexanone model studies, there is no chance for the 
corresponding positive charge to be delocalised on the cyclohexane ring, as it can be 
over the quinonoid ring, which probably accounts for the lack of an equivalent 
observation in the reactions with cyclohexanone. 
The carbon-13 spectrum of the yellow product, recorded at 250MHz (Bruker AC250) 
in deuterochloroform, contains the following lines: 9.1, 46.7, 125.1, 130.7, 133.2, 
137.0, 139.8, 161.0, 183.5 and 187.8ppm. There are also clusters of weak lines around 
65ppm and 81ppm. plus one weak aromatic/vinylic signal at 132ppm. Of these, the 
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peaks at 187.8 and 137.0ppm correspond to benzoquinone. The peaks at 183.5 and 
16l.Oppm are consistent with the cyclohexadienone ring carbonyl and lactone carbonyl 
in the intermediate; both signals are weak. It is tempting to assign the 9.1ppm 
resonance to the proposed zwitterionic intermediate, the dichloromethyl carbon which 
carries a negative charge, but there is no conclusive proof that this exists. 
Model studies on cyclohexanone showed that not only was the expected spirolactone 
produced from the addition reaction when the dehalogenation route was used, but that it 
spontaneously decomposed to give the dichloro-olefm and underwent ring-opening 
polymerisation to yield an insoluble polyester, which was characterised by infra-red 
spectroscopy. ZauggU671 reports that ~-lactones readily undergo ring-opening 
polymerisation, especially if substituted at the a-carbon atom. 
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This latter reaction only occurred with in situ dehalogenation zinc chloride catalysis, 
which would go some way to explaining the complex tarry products obtained when 
benzoquinone was the subject of similar experiments. The polyester was swellable in 
dimethylsulphoxide at 150°C but gave poor (broad line) nmr spectra, suggesting either 
an irregular structure, or a reasonable molecular weight, or possibly both. The lactone, 
contaminated with some dichloromethylenecyclohexane arising through spontaneous 
thermal decomposition, was characterised by infra-red and nmr spectroscopy (see 
experimental section.) 
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Formation of spiro lactone and polyester from addition of dichloroketene to cyclohexanone 
In the case of catalysed additions of dichloroketene to benzoquinone, one would expect 
the polyesters produced to be partially cross-linked via production of the bisadduct It 
may also be that some 2+2 cycloaddition was occurring between the ketene and the 
quinone ring carbon-carbon double bonds. Such additions are known for isolated 
olefins, but not for a,p-unsaturated carbonyl compounds. In these latter cases, addition 
of dichloroketene takes place at the carbonyl double bond, but gives only low yields 
(ca. 35%) of identified productsl1681. There are no examples of dichloroketene addition 
to quinones. 
The red material, which was made by the heating under vacuum of the yellow 
benzoquinone-dichloroketene adduct, was further investigated, as was the insoluble 
orange precipitate recovered from the brown tar which resulted from its gradual 
decomposition at ambient temperature, although it was evident from the difficulties 
experienced with the yellow product that pure compounds were unlikely to be 
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characterised. 
Unlike the original yellow product, the pale orange material was insoluble in all 
common solvents and did not undergo further decomposition on heating. The melting 
point could not be ascertained, as it was above 400°C. Mass spectral characterisation 
was unsuccessful, owing to the involatility and insolubility of the product A white 
precipitate having similar properties was deposited from a deuterochloroform solution 
of the yellow initial product, which had been submitted for nmr and left to stand. The 
insoluble orange material was submitted for solid state CPMAS 13C nmr, recorded at 
75.431MHz. The spectral lines are broad; the FWHM is ca. 400-450Hz, probably 
. indicating a structurally and spatially inhomogeneous material. The spectrum shows 
aromatic protonated carbons at 115(w=weak), 126 and 131ppm, plus a protonated alkyl 
carbon at 46(w). Non-protonated carbon signals appear at 46(w, perhaps spurious), 97, 
118(w), 122-131(w, a cluster of probably spurious peaks arising through incomplete 
suppression) 139, 150(w), 155(w), 163(w) and 167ppm(w). Consulting one 
reference[1691 suggested that a dichloromethyl ether carbon, ArCCI20Ar, would appear 
around 98-102ppm, which is in good agreement with the observed 97ppm signal. The 
46ppm signal, which appears in both protonated and non-protonated carbon spectra, is 
consistent with RCHC12. It is possible that rapid rotation would cause it to appear in the 
non-protonated carbon spectrum via partial loss of coupling. The remaining signals are 
consistent with a mixture of structures, possibly containing ester carbonyl carbons (163, 
167ppm) but clearly the sample is not a pure compound or regular polymer. 
The red material was not significantly soluble in any common solvent, although it 
could be soxhlet extracted with carbon tetrachloride. This product also had a melting 
point of over 400°C and mass spectral characterisation was again unhelpful. Solid state 
CPMAS 13C indicates an apparent unexpected "quaternary" signal at 31ppm. This 
could be a methyl group in which coupling to the protons was lost by rapid rotation, 
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although a methyl group is equally unexpected. Three different non-quaternary 
aromatic signals are present, 117, 123 and 132ppm, plus three quaternary signals, 149, 
155 and 163ppm, one of which could be an aromatic ester carbonyl (163ppm.) No 
evidence was seen for a dichloromethylene carbon, neither for a dichloromethyl ether 
carbon. The lineshapes were broad, FWHM ca. 400-450Hz, suggesting similar 
conclusions as before. The material is clearly not a pure compound nor is it a regular 
polymer. 
In summary, the conclusions reached from this work are: 
1) Benzoquinone reacts with dichloroketene. 
2) The reaction is not readily controlled. 
3) Production of the desired 7,7-dichloro-1,4-benzoquinonemethide is 
hampered by side reactions which include ring-opening polymerisation of 
the intermediate ~-lactone to give a polyester. 
4) It is likely that the desired 7,7-dichloro-1,4-benzoquinonemethide was 
made in the attempted syntheses, but the reaction conditions were 
insufficiently controlled to yield the desired linear polymer. 
2) Routes via Wittig Reaction 
i) On Benzoquinone-Cyclopentadiene Diels-Alder Adducts. 
It ts reportedf1701 that endo-cis-anti-endo-cis-pentacyclo[l0.2.1.15•8.02•11.04•9]-
hexadeca-6,13-dien-3,10-dione, 5 in figure 3.22, undergoes reaction with 
methylenetriphenylphosphorane to give the Wittig adduct, 10-methylene-
pentacyclo[10.2.I.I5·8.02·11.04·9]hexadeca-6,13-dien-3-one, 6, in 45% yield. This can be 
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pyrolysed to give 1,4-benzoquinonemethide. 
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This synthesis gave rise to some scepticism, on the grounds that Cookson, Hill and 
Hudec[17lJ found that similar but saturated compounds are inert to nucleophilic attack 
on the carbonyl by isopropyl- and methyl-lithium. Only when the adduct was exo-,exo-
was reaction at the carbonyl observed in the hydrog~nated analogues[171 1. 
Unfortunately, the exo-,exo- isomers of the unsaturated compound desired were 
unknown until very recently. Yates and Switlak[1721 have succeeded in preparing the 
exo-cis-anti-exo-cis- isomer in unspecified yield in admixture with other isomers. 
Assuming the reaction would proceed with endo-cis-anti-endo-cis-pentacyclo-
[10.2.1.15·8 .o2.ll.04·9]hexadeca-6, 13-dien-3,10-dione, 5, methods were sought to 
prepare dichloromethylenetriphenylphosphorane. The earliest synthesesU731 generated 
the ylid by reaction of triphenylphosphine with carbon tetrachloride. The work of 
Clement and Soulen showed that it could be produced efficiently if one of the chlorine 
atoms of carbon tetrachloride was replaced by bromineU741. The ylid may also be made 
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by reaction of dichlorocarbene (from chloroform and base, typically potassium 
tert-butoxide) with triphenylphosphine[1751. It has subsequently been synthesized in 
pure form and isolated as a thermally stable yellow solid by Appel et aJ[ 1161. As an 
alternative to triphenylphosphine m these reactions, use has been made of 
tris( dimethylamino )phosphinefl771, which produces water-soluble 
hexamethylphosphorictriamide as reaction by-product instead of triphenylphosphine 
oxide. Whilst easier to work-up, the former reagent is toxic and the 
hexamethylphosphorictriamide produced in the reaction is carcinogenic. Nevertheless it 
was decided to use it. 
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An ionic mechanism has been proposed by Appel et a/f1781 to explain the reaction of 
phosphines with carbon tetrahalides, figure 3.23. Cryoscopic depression 
experiments[1791 show that the ylid, dichloromethylenetriphenylphosphorane, is 
monomeric in solution. 
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Both ylids, dichloromethylenetriphenylphosphorane and dichloromethylenetris-
(dime thy I amino )phosphorane, were reacted with endo-cis-anti-endo-cis-
pentacyclo-[10.2.1.15•8.02•11.04•9]hexadeca-6, 13-dien-3, 10-dione, 5, and with 
endo-cis-anti-endo-cis-tricyclo[8.4.0.03•8]tetradeca-5,12-dien-2,9-dione, 7 in figure 
3.24 below. 
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endo-cis-anti-endo-cis-tricyclo[8.4.0.03•8]tetradeca-5,12-dien-2,9-dione 
Figure 3.24 
In neither case was product formation detected. Following aqueous work-up and 
chromatography on silica, eluting with ethyl acetate/hexanes, only starting material, 
phosphine oxide and highly coloured matter (most likely comprising quinones and 
enediones, which can be produced via autoxidation of the deprotonated Diels-Alder 
adductsl1801) could be isolated. The use of added lithium chloride, in attempts to 
catalyse the addition, was unsuccessful. Since one function of this catalystl1811 is to 
break up ylid aggregates, this result is not surprising (vide supra comments on the 
monomeric nature of the ylid.) As a check on experimental procedure, the same 
reactions conducted on cyclohexanone permitted the isolation of 
dichloromethylenecyclohexane in good yield. 
Although disappointing, these failures were of some slight interest. It was proposedU711 
that the reason for the failure of alkyl-lithium addition to the carbonyl was the steric 
hindrance of the ethylene bridges in the endo-endo- or endo-e.xo- isomers, both of 
77 
which were unreactive to nucleophiles, which presumably would not be the case in the 
exo-exo- isomers. It had been observed that the exo-cis-anti-exo-cis- isomer of 
pentacyclo[10.2.1.15•8.02•11 .04•9]hexadeca-3,10-dione, produced by hydrogenation of 
the all-endo- dienone, 5 in figure 3.22, and isomerisation by aqueous alkali, underwent 
nucleophilic attack by alkyl-lithium reagents. This seemed to confmn the above 
hypothesis. However, the tetradecadiendione, 7 in figure 3.24, is devoid of the 
methylene bridges which make the hexadecadiendione fluxionally immobile in the 
outer rings, lending the belief that conformational changes in the outer rings of the 
tetradecadiendione might allow access to the carbonyl groups irrespective of the 
stereochemistry of the Diels-Alder addition. These fluxional changes are quite slow, 
being readily observable on the timescale of the nmr experiment (vide infra, chapter 5) 
and one might expect that the attack of a nucleophile might occur faster than this. That 
this is not the case for the ylids demonstrates the influence which an endo- substituent 
must have on this reaction; the observation of Lasne, Ripoll and Denisl1701 must be 
seen as an exception. However, Tavernier, Hosten and Anteunis demonstrated that the 
tetradecadiendione, 7, does react with tosylhydrazineU821 to give the expected 
tosylhydrazone. The steric hindrance which prevents the Wittig reaction must arise in 
part from the phosphine ligands (see below.) 
The author has studied the reaction of these two ylids with the corresponding 1: 1 
benzoquinone - buta-1,3-diene and benzoquinone - cyclopentadiene Diels-Alder 
adducts, 8 and 9 in figure 3.25, below. 
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Figure 3.25 
In neither case was .the desired product isolated, but in contrast to the 2:1 adducts 
above, these compounds underwent complex reactions. The mixtures recovered 
contained too many components by TLC for a chromatographic separation to be 
successful. It is likely that several competing processes occurred. These compounds 
will readily deprotonate. It is reported in the patent literature[1831 that boiling these 
adducts in as mild a base as aqueous alcohol effects their conversion to the 
corresponding hydroquinones in excellent yield, so it is likely that deprotonation is 
aromaticity-driven for the 1:1 adducts 8 and 9. Ylids are, like other nucleophiles, partly 
basic in character and it seems possible that deprotonation by the ylid occurs, in these 
cases to give the hydroquinone. The 2:1 adducts 5 and 7 also deprotonate readily, 
giving rise to autoxidation products when the solution is exposed to air during work-up 
or recrystallisation. If hydroquinones are produced in the reactions on the 1:1 adducts, 
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it is likely that aryl halides are also produced. The ylid-forming reaction consumes two 
moles of phosphine per mole of bromotrichloromethane. One phosphine ends up as 
ylid, whilst the other reacts with the initial phosphine-alkyl halide adduct to give a 
bromochlorophosphine, as shown in figure 3.23. This dihalophosphine is known to be 
capable of converting phenols to aryl halides in good yield[1841. 
There is also the possibility of Michael addition to the unsaturated system to give a 
phosphonium salt. The enol-keto tautomer produced from this reaction might then 
deprotonate to a hydroquinone, or autoxidise when exposed to air as for the 2:1 
adducts, giving rise to further complex products. 
For both the 2: 1 and 1: 1 adducts, addition of lithium chloride to the ylid prior to 
addition to dione, or to the dione prior to addition of ylid, made no difference to the 
result of the reaction and it has been previously noted that 
dichloromethylenetriphenylphosphorane· is monomeric in solution. It is reported that 
benzoic acid can catalyse the Wittig reaction[1851. This is surprising because the usual 
requirement for success in the Wittig reaction (and its derivatives) is rigorous exclusion 
of acidic protons. Nevertheless a reaction was tried in the presence of a catalytic 
amount of benzoic acid; not surprisingly, it failed. 
To investigate these failures a little further, another model study was performed on 
2,6-dimethylcyclohexan-1-one, obtained commercially as a mixture of the equatorial, 
equatorial cis- and the axial, equatorial trans- isomers. Attempts to react the two ylids 
with this ketone failed to produce evidence of any dichloromethylene-substitution. It 
seems likely that the reason that the 2:1 Die Is-Alder adducts of cyclopentadiene or 
butadiene with benzoquinone fail to react, is not necessarily due to the steric hindrance 
of the methylene or ethylene bridges, although it is conceded that this might be a 
contributory factor. 
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Since this mixture of isomers of 2,6-dimethylcyclohexan-1-one simulates the 
conformational environments found in anti- and syn- 2: 1 adducts of dienes plus 
benzoquinone, whether exo-cis- or endo-cis-, the failure of this model to react with 
either ylid strongly suggests that it is the steric hindrance of the phosphine ligands 
which prevents the reaction, rather than the methylene or ethylene bridges, although 
clearly their presence will further inhibit the reaction. The observation of Lasne et 
a/U701 suggests that there is also an electronic effect; the stabilising -1 property of the 
dichloro-substituents makes the ylids used "softer" in comparison to 
methylenetriphenylphosphorane. 
ii) On 1,4-benzoquinone. 
Reaction of either of the two ylids on 1,4-benzoquinone gave complex mixtures from 
which no pure compounds could be isolated. This was not a great surprise, as Michael 
addition can compete in this case also, whilst the quinone methide is probably attacked 
at the 7 position by the ylid faster than attack occurs at the quinone carbonyl. Molecular 
orbital calculations[1861 show that benzoquinone carbonyls have a low susceptibility to 
nucleophilic attack, whilst the 7 position in 1,4-quinone methides is highly susceptible 
to it. 
iii) On 4,4-dimethoxycyclohexa-2,5-dien-1-one. 
Whilst infra-red and 60MHz proton nmr analysis of the crude product indicated that the 
above compound had reacted with dichloromethylenetriphenylphosphorane, it was also 
clear that the' product, 1,1-dimethoxy-4-dichloromethylenecyclohexa-2,5-diene, 
spontaneously underwent decomposition. It is likely that this was partly due to 
hydrolysis on aqueous work-up, as the ketal would be expected to be very sensitive to 
hydrolysis and halogen acid is produced when the dihalophosphine by-product (vide 
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supra) hydrolyses. 
3) Routes via Wittig-Horner Reaction 
It was decided to try a Wittig-Horner equivalent of the above ylids, on the basis that 
these are much more reactive towards ketones. It was reported by Kosolapofti1871 that 
carbon tetrachloride reacts with triethylphosphite in a Michaelis-Arbuzov reaction to 
give diethyl trichloromethylphosphonate. This synthesis was repeated and gave the 
desired product in excellent yield. Savignac et aJ!l881 and Seyferth and Marmorl1891 
used this and similar phosphonate esters in Wittig-Horner reactions with ketones. 
Kukhar and Sagina[1901 found that the tribromo-analogue is difficult to isolate, as the 
initially-formed diethyl tribromomethylphosphonate reacts further with phosphite, even 
at low temperature, and the yields of the desired product are always poor. Kamai and 
KharrasovaU911 postulated a radical mechanism for the carbon tetrachloride-triethyl 
phosphite reaction, figure 3.26. 
The phosphonate ester, prepared as above, was used in reactions on the following 
compounds. 
i)On Endo-cis-Tricyclo[ 6.2.1.02•7]undeca-4,9-dien-3,6-dione, 9. 
The lithiated phosphonate was yellow as made and upon addition of the ketone below 
-80°C, the colour intensified instantly. The molar absorption was so high that the 
colour could not be determined, suggesting either extended conjugation or formation of 
a charge transfer complex. TLC indicated a large number of products from this 
reaction. 
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Figure 3.26 
ii)On 4,4-d.imethoxycyclohexa-2,5-d.ien-1-one. 
The reaction mixture rapidly darkened when the ketone was added to the lithiated 
phosphonate, but not to such an extent as in the previous case and the solution was red. 
Work-up yielded an orange oil which was shown by proton nmr to contain mainly 
unreacted starting material. 
iii)On Endo-cis-Bicyclo[ 4.4.0]deca-3,8-dien-2,5-dione, 8. 
The reaction produced an intensely-coloured solution which yielded a complex mixture 
of products. Addition of lithium chloride made no difference to the outcome of the 
reaction. 
iv)On Endo-cis-6,6-Dimethoxytricyclo[6.2.I.02.7]undeca-4,9-dien-3-one, 10 in figure 
3.27 
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The reaction yielded a red solution which, after work-up, gave a yellow oil which was 
recrystallised from cold hexane. Proton nmr indicated that reaction had occurred 
accompanied by hydrolysis of the ketal, probably during work-up, and the product, 
endo-cis-6-dichloromethylenetricyclo[6.2.1.02•7]undeca-4,9-dien-3-one, 11, was 
obtained as pale yellow crystals in moderate yield. It should be noted that this 
compound is a potent irritant and is vinylogous to phosgene. 
0 
OMe OMe 
10 
i) (Et0hP(O)CC12• Li+ 
ii) H20 
Figure 3.27 
0 
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The successes and failures of the above reactions bear further inspection in the light of 
the observations made by Castells et aJU921 a summary of which is shown in Figure 
3.28. Castells suggested that deconjugation of the enone system takes place prior to 
addition of the phosphonate, and that in systems where deconjugation is impossible, 
reaction is prevented. Interestingly, whilst this might explain the reluctance of the 
Wittig-Harner reaction to proceed with the benzoquinone-diene Diels-Alder adducts, or 
with 4,4-dimethoxycyclohexa-2,5-dien-1-one, the one case in this author's research 
where the Horner reagent succeeded in reacting (iv above) is a case in which it is 
impossible for deconjugation to occur. It has also been reported by Yamashita et atU931 
that phosphonate esters can be used to prepare tetrathiofulvalene derivatives by 
reaction with benzoquinone-diene Diels-Alder adducts, see figure 3.29 overleaf. 
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It is worth commenting on the synthesis of endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]-
undeca-4,9-dien-3-one, 10. The material was made according to the method of Fariiia et 
a/U941 by the Diels-Alder reaction of cyclopentadiene with 
4,4-dimethoxycyclohexa-2,5dien-1-one, figure 3.30. 
OH 0 0 0 [0] 
MeOH 
OMe OMe OMe OMe OMe 
Figure 3.30 
This reaction was found to be rather fey, and much ketal was lost in repeated attempts 
to make the adduct. No satisfactory explanation was found for this observation. The 
loss of ketal was particularly frustrating as it is not a simple compound to make in 
quantity. McKillop et a/[ 1951 produced it by thallium (Im nitrate oxidation of 
para-methoxyphenol, see figure 3.31. This reaction was repeated many times, usually 
with success, but aside from the toxicity and expense of thallium, there is another 
important reason which restricts its application to the gram scale. The additional hazard 
of this synthesis does not appear to have attracted comment in the literature, and it is 
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felt worthwhile to make the point here. 
The by-product of the synthesis, which is conducted in anhydrous methanol plus 
trimethyl orthoformate, is two molar equivalents of nitric acid. The orthoformate ester 
is present to ensure that the solvent remains anhydrous, to prevent hydrolysis of the 
thallium salts. However, it also provides near-perfect conditions for the esterification of 
methanol by nitric acid. 
MeOH 
HC(OMe)J 
0 
.. ~ t:a3 
MeOH / 
OMe Tl........_N03 
MeOH + HN03 ~,==='~ MeON02 + H20 
HC(OMe)3 + H20 ---... ~ 2MeOH + HC02Me 
Figure 3.31 
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Methyl nitrate was recognised as a potentially useful explosive by Nobel in a 
patentl196a1 which predates his famous Dynamite work by four years. According to 
DavisU96b1 it is more destructive than glyceryl trinitrate ("nitroglycerin") but less 
sensitive to mechanical shock. Whilst it is obvious in the original paper that the nitric 
acid is produced, and that the basic alumina is employed to remove it and prevent 
violent oxidation of the solventU971 when the latter is concentrated, the possibility of 
synthesising a detonable by-product has never been remarked upon. It is probable that 
the basic alumina used to neutralise the nitric acid simultaneously hydrolyses any 
methyl nitrate produced, and the low boiling point of the ester (65-6°Cl196b1) reduces 
the likelihood of concentrating the solution by rotary evaporation, but one should be 
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aware of the potential hazard. 
HO HO 0 0 0 
¢-~-~$--W ~¢ -•· ~¢-MeOH~y 
OMe OMe OMe OMe OMe OMe 
phenoxylium ion 
Figure 3.32. The two-electron oxidation of para-methoxyphenol 
An alternative method to thallium (ill) nitrate oxidation of para-methoxyphenol, is to 
use electrolytic oxidationU981 of the same compound. The oxidation, which is 
conducted in methanol solution at a platinum anode, does not proceed via the 
generation of methoxy radicals, in spite of the fact that methanol should be oxidised 
more readily than methoxyphenol. Phenols adsorb more readily at the electrode 
surfacel1991 and are thus preferentially oxidised. It is a two-electron oxidation which 
proceeds via a phenoxylium ion, figure 3.32. Unfortunately, such electrolytic 
oxidations are critically dependent upon the characteristics of the electrode surface, 
which plays such an important role in selectively adsorbing the substrate. It was found 
that, whilst the claimed yield for this process was 93%, the best result achieved was 
only 30%. The greatest synthetic problem encountered was not the poor yield per se, 
but the separation of the desired product from the other 70%, which was a black tar. 
Sometimes, no product could be recovered from the tar. The separation, which required 
large amounts of chromatographic adsorbent, was very slow, because of the tendency 
of the tar to plug the column. The recovered product was contaminated and required 
further purification, which was achieved with difficulty by vacuum transfer at 
~10-5mbar (the material thermally decomposes if heated above ca. 50°C and vacuum 
distillation at poorer vacuum was found to be ineffective.) 
The success of the synthesis of endo-cis-6-dichloromethylenetricyclo[6.2.1.02•7]-
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undeca-4,9-dien-3-one made it possible in theory to produce the desired 
7,7-dichloro-1,4-benzoquinonemethide by retro-Diels-Alder reaction, but synthesis of 
the starting material, endo-cis-6,6-dimethoxytricyclo[ 6.2.1.02. 7]undeca-4,9-dien-3 -one, 
proved irreproducible, vide supra, as did the Wittig-Horner reaction. However, 
sufficient material was made to try some reactions on the 1 Omg scale. 
One synthetic possibility, other than pyrolysis of the compound to yield the quinone 
methide, was to attempt hydrolysis of the conjugated dichloromethylene group which 
was expected to yield an hydroxy-acid which might then have been polymerised to give 
a precursor polymer. 
0 OH OH 
Ho-
... 12 
COCI 
Figure 3.33 
It has been reported by Mirskova et a/[2001 that 4,4-dichloro-3-buten-2-one undergoes 
attack by sulphur-containing nucleophiles to give the expected products of Michael 
addition-elimination, and by Nesmeyanov et a/[2011 that oxygen nucleophiles react 
similarly. In the latter case, the relative rate of reaction is EtO-<iPrQ-<tj3uQ-; with 
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tertiary butoxide the reaction is violent, possibly because the initial step is not Michael 
addition, but elimination of hydrogen chloride to give an acetylenic ketone which then 
polymerises rapidly. The product of attack by ethoxide is isolable, and gives ethyl 
acetoacetate on treatment with dry HCl in ether, figure 3.34. 
0 OEt HCl(g) in Et20 
AAOEt 
0 0 
A_)lOEt 
Figure 3.34 
In the case of the desired hydrolysis, the hydroxy-acid obtained (12 in figure 3.33 
above) would be expected to be thermally unstable and room-temperature 
polyesterification would be essential. Fortunately, there is a technique developed by 
Hassner and Alexanianl2021 which provides esters at low temperature in good yield. 
0 0 
2RC02H + DCC ----~•~ II Jl R~O R 
R'OH 
0 
II R' R~O,...... 
+ 
DCC = dicyclohexylcarbodiimide 
Figure 3.35 
However, when endo-cis-6-dichloromethylenetricyclo[ 6.2.1.02. 7]undeca-4,9-dien-3-one 
was reacted with base, a yellow solution was formed, which was thermally stable and 
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which when neutralised yielded a colourless solution from which the starting material 
could be recovered unchanged. Likewise, treatment with dilute acid gave a yellow 
solution which could be rendered colourless by base and from which the starting 
material could be recovered. These changes suggested that reversible 
protonation-deprotonation of the starting material was taking place. To confmn this, a 
basic yellow solution of the compound was boiled for ten minutes under nitrogen and 
allowed to cool. Neutralising it allowed recovery of starting material. The starting 
material is so thermally unstable with respect to the retro-Diels-Alder reaction that 
allowing it to stand overnight at room temperature is enough to bring about significant 
decomposition (it may be noted that half of the original material was inadvertently lost 
in this way before the instability of the compound was realised.) The thermal stability 
of the basic solution must be due to the enolate, which cannot undergo the 
retro-reaction to the quinone methide and cyclopentadiene. 
CCl2 
thermally stable 
yellow 
It is surprising, given 
acid........._ 
"""' 
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0 
CCl2 
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colourless 
Figure 3.36 
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of aromaticity, that 
1,3-prototropic shift does not occur in hydrolysis. However, when the compound was 
treated with boron trifluoride etherate, a vigorous reaction occurred and an insoluble 
black material precipitated from the solution. The soluble material, recovered from the 
product in poor yield, was shown to be unreacted starting material. The insoluble black 
material could not be identified. 
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The work of Yamashita et a/[1931 suggested that reaction of a phosphonate derived from 
1,3-dithiane with endo-cis-bicyclo[4.4.0]deca-3,8-dien-2,5-dione might be successful, 
and if it was, hydrolysis of the resulting ketene thioacetal would give an hydroxy-acid, 
similar to that expected from the attempted hydrolyses above and which might likewise 
be used in the synthesis of a precursor polymer. A number of methods exist for 
hydrolysing ketene thioacetals but most of these require extended heating. However, 
there are a few room temperature methods[2031 which suggested that this route was 
worth trying. Unfortunately, TLC indicated that only complex products were formed. It 
may be that the reaction proceeded and the initially-formed adduct underwent thermal 
decomposition more readily than endo-cis-6-dichloromethylenetricyclo[6.2.1.02•7]-
undeca-4,9-dien-3-one. If so, the dithio-substituted quinone methide produced would be 
expected to be much less stable than the tetrathiofulvalene analogues prepared by 
Yamashita. 
0 0 
unstable 
not isolable? 
F\ 
s s 
stable 
isolable 
Figure 3.37 
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Rye and Wege[2041 prepared and studied the cycloreversion of exo- and endo-
tricyclo[6.2.1.02·7]undeca-3,5,9-triene. They found it undetwent the retro-reaction at 
only moderately elevated temperature. 
Figure 3.38 
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Figure 3.39 
It might be expected that the precursor to the 7,7-d.ithio-substituted quinone methide (A 
in figure 3.39 below) would be more unstable with respect to the retro-Diels-Alder 
reaction than the precursor (B in figure 3.39 below) to the tetrathiofulvalene analogue, 
the quinodimethane. The zwitterionic tautomer would contribute more to the electronic 
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structure of the former molecule, and with aromaticity as the driving force for the 
retro-reaction, might be expected to undergo this reaction at room temperature. 
4) Routes via Silicon Chemistry 
As there were practical difficulties in obtaining more endo-cis-6-dichloromethylene-
tricyclo[6.2.1.02·7]undeca-4,9-dien-3-one for further studies, an attempt was made to 
react endo-cis-bicyclo[4.4.0]deca-3,8-dien-2,5-dione under Petersen olefmation[2051 
conditions. 1,3-Dithiane was reacted with butyl-lithium, the anion quenched with 
trimethylsilylchloride and the silylated dithiane reacted in situ[2061 with a further 
equivalent of base, followed by the dione. Proton nmr showed that the product was a 
complex mixture. Similar comments apply as for the above attempted synthesis using 
the dithiane phosphonate ester. 
As a fmal attempt to get an alternative route to a 7,7 -dichloro-1 ,4-benzo-
quinonemethide precursor, several reactions were tried using the chemistry developed 
by Entmayr and Kobrich[2071 which is a two-stage process, illustrated in figure 3.40. 
The trimethylsilyl ether can be isolated, or the two stages can be conducted in situ. A 
model study, conducted as in the above scheme, allowed the isolation of the 
trimethylsilyl ether derived from cyclohexanone m good yield. However, it was 
obvious that the method was inapplicable to the 1:1 Diels-Alder adducts of 
benzoquinone or its monoketal, since treatment of the ether with base would not result 
in the desired elimination. With the 2:1 adducts, it had already been shown that 
nucleophilic attack at the carbonyl was difficult, and indeed no such attack was 
observed when the reactions were tried. When benzoquinone was the subject of a 
similar experiment, complex products resulted from which nothing was isolated. Gas 
chromatography/mass spectroscopy on the mixture indicated the presence of some 
hydroquinone. 
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The conclusions reached from this work are: 
1) 
2) 
3) 
Diels-Alder adducts of benzoquinone are generally unsuitable for 
preparations which depend on nucleophilic attack at the carbonyl groups. 
Only in very specific instances can any pure compounds be isolated. 
The Diels-Alder adducts of protected benzoquinone, such as endo-cis-6,6-
dimethoxytricyclo[6.2.1.02·7]undeca-4,9-dien3-one, are suitable 
candidates for use with nucleophiles in synthesis. There are, however, 
problems with the synthesis of these compounds and problems with the 
thermal stability of the products, which may render further reactions upon 
them difficult. 
Synthesis of a suitable precursor to 7,7 -dichloro-1 ,4-benzoquinone-
methide has been achieved. The precursor is endo-cis-6-dichloro-
meth y lenetricyclo[ 6.2.1.02• 7] undeca-4,9-dien-3-one. 
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Cimptel!" 41. Mnscellaullleous Methods 
Three additional methods were explored as potential routes to the desired precursor 
polymer. One of these derives from work by Sokolova et aJl20SJ in which the 
ring-opening copolymerisation of a lactam with a lactone gave a high melting 
copolyester-amide which could be drawn into fibres, figure 4.1, and the work of 
Ceccarelli et atl2091 in which the ring-opening polymerisation of the same lactone gave 
a polyester, which was tough and film-fonning, figure 4.2. 
0 + 0 
Figure 4.1 
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Two different bond cleavage mechanisms operate m these polymerisations. 
Nucleophilic attack at the carbonyl group leads to acyl-oxygen or acyl-nitrogen 
cleavage, and the active propagating species are alkoxides or lithium salts of amines, 
although the latter are unlikely intermediates. This mode of propagation leads to 
polymers containing cis- structural units. The alternative is SN2 displacement, i.e. 
alkyl-oxygen or alkyl-nitrogen cleavage, leading to the propagating species being 
carboxylates or amides, which produces trans- structural units. For the lactam, it is also 
possible (and likely) that deprotonation of the nitrogen occurs as the initial step and that 
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this lithiated lactam then serves as the nucleophile. Ceccarelli[2091 made a thorough 
study by 13C nmr of the polymer microstructure produced when 
2-oxabicyclo[2.2.2]octan-3-one was polymerised with a variety of initiators. It was 
thought possible that, with modification, this could serve as a precursor route to an 
> 
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Figure 4.3 
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aromatic polyester, a possible scheme is outlined in figure 4.3. The reduction step 
proved difficult to achieve. Repeated attempts with various combinations of 
temperature and pressure conditions failed to hydrogenate the starting material. Model 
studies with phenol demonstrated that something was amiss and initially the catalyst 
was suspected. Simple phenols are easily reduced by rhodium catalysts. For example, 
Chebaane et afl2101 report the ready reduction of 7-methoxy-2-naphthol by a 
rhodium-on-carbon catalyst, figure 4.4 
MeO OH EtOH, Rh/C 
RT, 50psi Hz 
Figure 4.4 
OH 
92% 
and Meyers et afl2111 report a similar reduction for !-naphthol using rhodium on 
alumina, figure 4.5. 
OH 
_ RT, 60psi Hz 
EtOH/AcOH 
Figure 4.5 
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c6 95% 
Further investigation traced the problem to laboratory plumbing of dubious quality, 
which had allowed the hydrogen cylinder to become contaminated with synthesis gas. 
One obvious requirement for successful hydrogenations is that one uses hydrogen. 
Carbon monoxide is clearly a potent catalyst poison for rhodium, and under these 
conditions probably forms stable carbonyl complexes with it which have no catalytic 
activity. With new plumbing and a fresh hydrogen cylinder, the attempts at reducing 
3,5-ditertbutyl-4-hydroxybenzoic acid still failed to proceed, even under the conditions 
used by Ceccarelli. Only when the starting material had been twice recrystallised and 
the conditions made more vigorous (150atm H2 at 100°C) did reduction proceed, 
slowly but very efficiently, to yield 3,5-ditertbutyl-4-hydroxycyclohexanecarboxylic 
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acid as a mixture of two isomers. The difference between these isomers obviously does 
not involve the tertbutyl groups and concerns only the stereochemical relationship 
between the hydroxyl and carbonyl functions. 
0 
OH OH 
1 trans-eq-eq 2 cis-ax-eq 
0 
OH 
3 cis-eq-ax 4 trans-ax-ax 
Figure 4.6 
Of the various isomers possible, only isomer 3 is capable of undergoing cyclisation via 
the boat conformer. Identification of the isomers produced by the reduction is therefore 
important. Since heterogeneous hydrogenation proceeds at the catalyst surface via 
syn-addition of hydrogen, isomers 1 and 2 are ruled out, since these require that 
hydrogen adds at the hydroxyl group from the opposite face of the molecule than for 
reduction at the tertbutyl groups. This is extremely unlikely because of the steric 
hindrance of these groups. Similar considerations suggest that isomer 3 should be 
dominant in the mixture, with isomer 4 being the minor component. Thus it appears 
from steric constraints that substitution by bulky groups on the benzene ring in the 
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3,5-positions greatly favours the production of the necessary isomer, reducing the 
losses in the cyclisation step. 
2ax 
5 
1.t 1.1 1.1 1 .• 1.> 1 •• 1.J 1.J 1.1 
7 
2eq 5 
3 
4 
m 
Figure 4.7. Proton nmr spectrum of mixed isomers of 4-hydroxy-3,5-ditertbutyl-
cyclohexanecarboxylic acid. Key: m labels peaks due to the minor component 
-
Figure 4.7 shows the proton spectrum of the mixture. The components were not 
separable by chromatography or recrystallisation, but the splitting observed for the 
tertbutyl resonance makes it clear that two compounds are present, and this is 
confirmed by the 13C spectrum, vide infra. The splitting patterns obtained for the ring 
protons 2 (axial) and 1 are unusual. In the case of the axial protons 2, the quartet arises 
because, coincidentally, the coupling constants to 2 (equatorial), 1 and 3 are the same. 
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Figure 4.8. Carbon-13 nmr spectrum of mixed isomers of 4-hydroxy-3,5-ditertbutylcyclohexane-
carboxylic acid. Obtained in CDC13. 
This strongly suggests that proton 1 is axial, which is consistent with the prediction 
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made above regarding the likely stereochemistry of the major isomer in the mixture. 
The appearance of the resonance for proton 1, a broad, distorted doublet, is unexpected 
and must be due to the triplet caused by coupling to the H2 axial protons being further 
complicated by the H2 equatorial protons. 
The carbon spectrum, figure 4.8, shows only one carbonyl absorption, but it is probable 
that the absorption for the minor isomer is too weak to be observed. The expansion 
shows twelve distinct peaks in the aliphatic region, consistent with there being two 
isomers present 
Figure 4.9 
The problem of cyclisation of the hydroxyacid was not solved, either by Giudici and 
Bruice' s original proceduref2121 of refluxing the compound in acetic anhydride, or by 
·treatment with thionyl chloride. Benzoyl chloride also failed to esterify the hydroxyl 
group. It is hard to believe that the non-bonded interactions from the axial ring protons 
and the tertbutyl groups are sufficient to prevent this reaction, but a perspective view of 
the molecule aids visualisation. The axial hydroxyl is indeed highly hindered, more so 
than in the starting material where the tertbutyl groups are coplanar with the hydroxyl 
and further from it. The modelling package COSMIC suggests that the closest approach 
of a proton in the tertbutyl groups to the hydroxyl oxygen is ca. 2A in the saturated 
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hydroxyacid and 2.2A in the aromatic compound. From none of these reactions was 
ester or lactone obtained. No homopolyester formation was obsexved with thionyl 
chloride. 
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No further progress could be achieved with this route, but it is interesting to note the 
work of uU61 who has polymerised 3-tertbutyl-4-hydroxybenzoic acid and succeeded 
in obtaining 95% conversion to poly(parahydroxybenzoic acid) upon warming the 
precursor polymer to 40°C with trifluoromethanesulphonic acid. Other Lewis acid 
catalysts caused the Fries rearrangement as a side reaction. The conversion process is 
reported to have taken two hours, but the problem of access manifests itself as the 
reaction approaches high conversion and the product becomes increasingly crystalline; 
the last 5% of the tertbutyl groups are resistant to removal. 
The second of these miscellaneous approaches was an attempt to make an irregular 
aromatic polyester via the Diels-Alder reaction, figure 4.10. 
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Vinyl acetate was reacted with hexane-2,4-dienoic acid using acid and mercuric acetate 
catalysis to give vinyl hexa-2,4-dienoate. This compound has been reported 
previously£2131. The ester was heated in toluene solution in a Carius tube at various 
temperatures and for various durations, in the presence of some 2,6-di-
tertbutyl-para-cresol as radical polymerisation inhibitor. Only when left for three days 
at 220°C was there appreciable polymer formation. However, nmr indicated that the 
product from this reaction was highly irregular and no evidence for the Diels-Alder 
polymer was seen. 
00 Se02 ... 
OH 
C02H 
0 
00 i) Cu, C02 ~ cyclodextrin 
NaOHaq. 
ii) H3o+ 
Figure 4.11 
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A third attempt at a precursor polymer was made via the attempted allylic oxidation of 
tricyclo[ 6.2.1.02•7]undeca-4,9-diene to tricyclo[6.2.1.02•7]undeca-4,9-dien-3-one, a 
reaction which has been reported by Lasne, Ripoll and Denis£2141. Selenium dioxide 
was used by these workers to perform this oxidation, but their paper gives no 
experimental detail and there are no other references to this compound. Despite 
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repeated attempts, and the use of sodium dichromate£2151 instead of selenium dioxide, 
none of the desired material could be isolated. It was hoped to carboxylate the ketone 
under the conditions developed for the carboxylation of phenol by Komiyama and 
Hirai£2161 which would yield the same hydroxy-acid as should have been produced by 
the hydrolysis of endo-cis6-dichloromethylenetricyclo[6.2.1.02•7]undeca-4,9-
dien-3-one (see chapter 3, figure 3.33.) 
The intended reaction sequence is shown in figure 4.11. The carboxylation reaction, 
which is copper-catalysed, is unusual in that the substrate (phenol in the original paper) 
is temporarily bound within the cyclodextrin molecule and the phenolate anion, 
generated by the base present, is accessible to carbon dioxide only at the para- position. 
In the case of the intended synthesis shown above, the enone substrate might not fit so 
well into the cyclodextrin cavity and a larger cyclic polysaccharide might be necessary. 
In the event, these considerations could not be explored. 
The conclusions from this work are as shown below. 
1) 
2) 
2,6-Ditertbutyl-4-hydroxycyclohexanecarboxylic acid is too hindered to 
form polymers. In addition, work conducted at the University of LeedsU61 
suggests that the acid-catalysed removal of tertbutyl groups from 
substituted benzoic acid polymers does not proceed to completion and 
that similar methods are unlikely to yield a suitable precursor route for 
that reason. Our intended route involved a simple thermal elimination and 
may have been more effective, although this idea could not be tested 
There is a possibility of making a suitable precursor if the work of Lasne 
et at£2141 could be reproduced (see figure 4.11.) 
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Chapter 5 
The structures of some Die Is-Alder ad ducts and products of their intramolecular 
2+2 photocycloaddition as revealed by detailed analysis of their 1 H and 13C n.m.r. 
spectra 
In the course of this project, a number of Diels-Alder adducts and some of their 
photocycloaddition products have been prepared and characterised. The purpose of this 
chapter is to show that a complete assignment of their nmr spectra unambiguously 
proves their structures. All chemical shifts are expressed with positive values to high 
frequency of TMS. The signs of coupling constants (J) are unknown, but have been 
quoted as positive numbers, thus I= X Hz, should be read as J= ±X Hz. Most of the 
relevant spectra are presented in this chapter in close juxtaposition to the text which 
discusses them. However, the ability to import digitised n.m.r. spectra from the Varian 
VXR400S into the word processing program only became possible in late October 
1991, and some of the data are of necessity presented as photocopied spectra in 
appendix 1. 
l.Endo- and exo-cis-Tricyclo[6.2.1.02•7]undeca-4,9-diene 
1 3 
10 4 
9 5 
8 6 
Figure 5.1. Tricyclo[6.2.1.02•7]undeca-4,9-diene 
This compound was prepared by the method of Alder et a/[2171 and is the least 
functionalised adduct of the series studied. Alder assigned this as the exo- isomer since 
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the infra-red spectrum of its hydrogenation product was identical to the infra-red 
spectrum of the hydrogenation product of the adduct of buta-1,3-diene with 
bicyclo[2.2.1]heptene, which was known to be the exo- isomer. 
The 1H Spectral Evidence 
The 1H nmr spectrum at 399.952 MHz in deuterochloroform, figure 5.2, shows that 
there is clearly a mixture of compounds in the sample. The original paper claims that 
the product is exo-cis but glc evidence confirms the presence of a second component. 
I U 
6..lS ·-I.e •.• •.• ,_.. ~.... ·-· .... ..... •.• -
1 3 10ro2 4 I a b I 
9 5 
7 
8 6 
Figure 5.2. Proton NMR spectrum of tricyclo[6.2.1.02•7]undeca-4,9-diene 
Key: x-subscript indicates exo-isomer; n-subscript indicates endo-isomer. 
-
Note: The peaks for protons 2+7 and 3+6ax. in the endo-isomer are obscured. 
Their poor separation, even on a capillary glc column, does not bode well for a 
preparative separation whether by glc or distillation. No separation was achieved in 
practice with a Fischer-Spaltrohr apparatus. 
Consideration of the readily-identifiable major peaks m the spectrum shows 
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immediately the presence of the olefinic protons 4+5 or 9+10 at either 6.1ppm or 
5.9ppm, both of which peaks integrate to two protons. The 6.1ppm peak is apparently a 
triplet with an ideal 1:2:1 intensity ratio; the 5.9ppm peak is an apparent doublet of 
doublets with approximately equal intensity. The qualifying term "apparent" must be 
used as, although superficial inspection suggests a triplet might be expected for protons 
4+5, the same nai've approach predicts a simple doublet for protons 9+ 10. As will be 
made clear later, both of these expectations are wrong; the coupling patterns are 
complex. The values of the apparent coupling constants are: 
For the 6.1ppm "triplet", J=1.75Hz 
For the 5.9ppm "doublet of doublets", J=4Hz, J=2.75Hz. 
The peak at 2.5ppm integrates to two protons and is apparently a quintet, but the 
intensity ratio of 1:3:4:3:1 makes it clear that it is not a first order quintet and a triplet 
of triplets is a better candidate. The coupling constants for the two sets of triplets are 
nearly equal. Examination of the outer pairs of lines having 1:3 intensity ratio indicates 
a J value of ca. 1.67Hz, whilst examination of the centre three lines of 3:4:3 ratio 
suggests a J value of ca. 1.79Hz. At the instrument resolution achievable, the =0.1Hz 
difference is perhaps significant, although quoting the J values to two decimal places is 
probably not justified on account of the overlap of the lines, consequent broadening of 
the peaks and ambiguity over the precise peak position. As will be seen later, the 
protons in one of the pairs, which give rise to one of the "triplet" splittings, are 
non-equivalent. This complicates matters further, since this "triplet" splitting is 
therefore a superimposed doublet of doublets. 
For the 2.5ppm triplet of "triplets", J=l.7Hz, J=1.8Hz. 
There appears at ca. 2.3ppm a broad hump which integrates to two protons. No detailed 
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splittings are recognisable and no J values can be estimated, even when the spectrum is 
obtained at 399.952MHz. These protons are evidently subject to some complex 
interactions. 
I 
l.N I.JJ I.Q l.tl 
1.58 1.56 1.54 1.52 1.50 1.48 1.46 1.44 1.42 1.40 1.38 1.36 ppll 
Figure 5.3 
Expansion of the methylene bridge signals of the major and minor isomers. 
At 1.8ppm there appears a distorted doublet which is evidently one arm of an AB 
system and which integrates to one proton, see figure 5.3. (Strictly, the system is not an 
AB unless the chemical shift difference is similar to the coupling constant However, 
the practice of referring to such AM systems as above by the AB nomenclature is 
commonplace amongst organic chemists and the error will be repeated here.) The other 
arm of this AB system appears at 1.4ppm and is clearly due to the methylene bridge 
protons, 11. Closer inspection of each of the four peaks, using resolution enhancement 
data processing, indicates that they are further split, the pair at ca. 1.8ppm being 
distorted triplets of 1:2:1 ratio (triplets of triplets?) and the pair at ca. 1.4ppm being 
distinct triplets of triplets, appearing as quintets of intensity ratio ca. 1:3:4:3:1. 
Measurement of J values under resolution enhancement conditions suggests that the 
coupling constants within all these triplets may be of the order of =1.5Hz. In the 
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spectrum recorded at 399.952MHz it can be clearly seen that there is a second AB 
system which evidently belongs to the minor component in the mixture. The peaks 
associated with this minor component appear at ca. 1.43, 1.45, 1.54 and 1.57ppm. 
For the AB methylene bridge system, at C-11, JAB=8.7Hz. 
For the resolution-enhanced data on the further splittings of each AB peak into triplets 
of triplets, J= 1.5Hz for all splittings. 
For the AB methylene bridge in the minor component, JAB=7.7Hz. 
A group of peaks appears at ca. 1.6-l.Sppm which integrates to four protons. On closer 
inspection, it is comprised of an apparent singlet superimposed upon a broad hump, 
very like that at 2.3ppm. 
Given that two similar broad humps are seen, each of which corresponds to two 
protons, it is tempting to assign them to the CH2 groups at positions 3 and 6. Evidently 
these methylenes are non-equivalent protons and part of the complexity of these humps 
is because they are in the first instance arms of two equivalent AB systems, one hump 
corresponding to the equatorial protons and the other to the axial protons in the fused 
cyclohexene ring. Even assuming that the cyclohexene ring has some degree of 
fluxional freedom, the methylene protons would not be equivalent In addition, these 
methylene protons are also coupled to those at positions 4+5 and 2+7. The coupling 
constants between these protons and the methylenes would also be subject to some 
variation with motion. There is at least adequate reason for anticipating a complex 
splitting pattern for these CH2 groups. If this assignment is correct, then the axial 
protons should be at lower frequency since the equatorial protons are closer to the plane 
of the carbon-carbon single bonds. 
The "singlet" at ca. 1.65ppm turns out to be a rather distorted "quintet" ("septet"?) on 
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resolution enhancement. However, if it is a second order quintet it is not as simple a 
quintet as those previously encountered, the intensity ratios being 2:8:14:7:3. Allowing 
for distortion, perhaps 1:3:7:3:1. This is clearly not a triplet of triplets and neither is it a 
slightly distorted first order quintet. It does, however, correspond to two protons and 
this together with the peaks at 2.5ppm are probably protons 2+ 7 and 1 +8. In this 
instance, the only clearly defined peaks from which measurements can be taken suggest 
that J=1-1.3Hz. Other unquantifiable couplings are certainly present. 
The proton evidence allows only the unambiguous assignment of the methylene bridge 
protons 11, although it cannot be stated which proton, 11 a or 11 b, gives rise to which of 
the 1.8 and 1.4ppm peaks. It is clear where the olefinic protons appear (5.9 and 6.1ppm, 
with the minor component of the sample mixture at 5. 7 and 6.12ppm) but again it is not 
possible to state which peak is due to the protons at positions 4+5 and which to those at 
9+ 10. The J values do suggest that the 6.1 ppm peak is coupled to the 2.5ppm peak, and 
this was confirmed by proton decoupling. Tentative assignments place the equatorial 
methylene protonss 3+6eq at 2.3 and the axial protons 3+6ax at 1.65ppm (broad humps), 
whilst protons 2+ 7 and 1 +8 probably correspond to 2.5 and 1.65ppm (non-first order 
"quintets") although which of these two peaks is due to which pair of protons cannot be 
said on the basis of this evidence. 
The 13c Spectral Evidence 
The decoupled 13c spectrum obtained at 100.577MHz, figure 5.4, shows not only the 
expected six peaks for the carbon signals in the main component of the mixture, but 
each major signal also has an accompanying minor peak. It is a fair assumption that the 
product obtained from the Diels-Alder reaction was in fact a mixture of endo-cis- and 
exo-cis- isomers, and the proton spectra lend some support to this. Assuming that the 
relaxation times of carbon atoms occupying the same ring position in the two isomers 
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will be similar, measurement of the peak heights suggests a ratio of between 6:1 and 
8:1 for major to minor isomers. Part of the reason for the spread of values is that some 
adjacent peaks in the spectrum turn out on further investigation to correspond to 
different ring positions in the two isomers (and thus the relaxation times are not 
comparable.) Another reason for the spread is that there will in fact be a difference in 
relaxation times between corresponding carbon atoms in the two isomers, i.e. the above 
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Figure 5.4. nc Spectrum of tricyclo[6.2.1.02•7]undeca-4,9-diene (above) and expansion (below) 
Key: x-subscript indicates exo-isomer, n-subscript indicates endo-isomer. 
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assumption is a poor one. Finally, the nmr experiment performed was not a quantitative 
one. GLC suggested a ratio of ca. 9:1 to 4:1, and this result varied considerably due to 
the poor separation achieved. Integration of the proton spectra suggests a ratio of 6: 1. 
The vinylic carbons in the major isomer can be seen clearly at 129.58 and 136.86ppm, 
but an assignment cannot be made straight away. Similarly, the other carbons appear 
between 27 and 50ppm. Peak intensity tempts the assignment of peaks at 29.31 and 
39.72ppm to methylene carbons 3+6 and 11 whilst those at 42.94 and 48.10ppm tempt 
the assignments 2+ 7 and 1 +8, but application of either APT or DEPT proves that the 
peaks at 29.31 and 42.94ppm are the CH2 carbons, see figure 1 in Appendix 1. 
Although the nuclear Overhauser effect enhances carbon signal strength, assigning 
peaks on the basis of the signal enhancement so-produced is risky. The corresponding 
CH2 peaks for the minor isomer are at 27.62 and 49.33ppm, with CH carbons at 40.38 
and 46.28ppm. The olefinics appear at 128.48 and 137.34ppm. 
The 20 Spectral Evidence 
Both homonuclear correlation (1H COSY 45° on the Varian Gemini 200) and 
heteronuclear correlation (HETCOR on the Varian VXR400) were used to complete 
assignment of most peaks for the major isomer. These spectra appear in Appendix 1, 
figures 2 and 3. The single most important piece of evidence came from HETCOR and 
demonstrates that the carbon at29.31 (a CH2 carbon) sees the broad humps at 1.65 and 
2.3ppm in the proton spectrum, and not the methylene bridge AB signals. (For some 
reason, the other CH2 carbon did not correlate with any of the proton signals.) Thus at a 
stroke may be assigned the following: 
Carbon at 29.31ppm corresponds to positions 3+6 and protons at 1.65 and 2.3ppm 
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(broad humps) are indeed the methylene groups in the cyclohexene ring, 3+6. 
Vinylic protons at 5.9ppm must be those connected to the methylenes at 3+6, i.e. 
5.9ppm protons are positions 4+5, since homonuclear decoupling showed that vinylic 
protons at 6.1 ppm were seeing those at 2.5ppm, the 6.1 ppm signal must correspond to 
positions 9+ 10. 
Likewise, protons at 2.5ppm must be the bridgehead positions 1 +8 (the "quintet" which 
is a triplet of doublets of doublets, appearing as a triplet of "triplets" because the 
coupling constant between positions 1 +8 and 2+ 7 is nearly the same as between 1 +8 
and 9+ 10), and thus protons at 1.65ppm (the "singlet" which turned out to be a very 
unusual distorted second order "quintet" or "septet") are those at positions 2+7. It seems 
possible that this peak is a doublet of doublets of doublets, with complications perhaps 
due to fluxional variation of coupling constants to the two non-equivalent protons of 
the cyclohexene methylene. 
1H COSY 45° confmns these assignments, and everything which should be coupled, is. 
HETCOR permits the assignment of the remaining carbons for the major isomer. 
The minor isomer peaks can also be identified and assigned, except for two proton 
peaks which are obscured by the major isomer. Nevertheless, HETCOR allows their 
chemical shifts to be estimated. Curiously, the methylene bridge protons 11 again 
exhibit no apparent proton-carbon coupling in HETCOR. Assignment of the peaks is, 
however, possible as follows. 
The vinylic protons 4+5 and 9+ 10 can be identified in the proton spectrum by the 
chemical shift and splitting similarity to the peaks for the major isomer. On going from 
the exo- to the endo- isomer, little change in splitting pattern would be anticipated, but 
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in fact the pattern for protons 4+5 (at 5.73ppm) has become slightly more complex, the 
central two peaks of the apparent doublet of doublets in the major isomer having 
become an apparent triplet, although the asymmetrical coupling and non-first order 
peak intensity demonstrates that it is something more complex (and thus this is also 
likely to be the case for the major isomer.) The splitting pattern for 9+10 (at 6.12ppm) 
is the same as for the major isomer, an apparent first-order triplet (although again it 
obviously can't be) with J=l.9Hz. Carbon assignment follows via HETCOR, 4+5 are at 
128.48ppm and 9+ 10 are at 137.34ppm. The methylene carbons 3+6 and 11 can be seen 
from the APT spectrum, Appendix 1 figure 1, and the protons 3+6 are thus, from 
HETCOR, at ca. 1.65ppm (obscured by the major isomer) and 2.18ppm, the latter 
consisting of a broad hump, which when examined more closely, consists of two 
similar overlapping humps of seven (or possibly nine) peaks each. The two humps have 
between them a geminal coupling constant JAB=14.2Hz. Within these two non-fust 
order septets, the coupling constant has a range J=2.2-2.8Hz between adjacent peaks. 
Without knowing the origins of this unusual splitting pattern, (intensity ratios are 
unhelpful) further J values cannot be estimated. Carbons 3+6 appear at 27.62ppm and 
carbon 11 is at 49.38ppm. 
Protons 11 are at ca. 1.43 and 1.55ppm, with J AB=8Hz, although which is lla and 
which 11 b cannot be said from this evidence alone. Further coupling can be seen within 
the peaks, which are clearly triplets of triplets. For the AB arm at ca. 1.43ppm, there is 
a major splitting into triplets with J=l.5Hz. The sub-splitting into triplets of triplets has 
J=0.5Hz. The larger splitting of 1.5Hz is probably Ina or b, 1+8 i.e. the bridgeheads, 
whilst the smaller splitting is possibly J lla or b, 9+10 i.e. to the vinylic protons in the 
norbornene ring. The other arm of the AB, at ca. 1.55ppm, has peaks which are split 
into triplets with J=1.9Hz. However, further splitting cannot be seen clearly enough to 
work out coupling constants, but it is obviously present from the lineshapes. Evidently 
it is rather smaller than the 0.5Hz coupling present in the other arm of the AB. 
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Calculations were performed using the COSMIC and AMPAC molecular modelling 
packages which were run on a DEC Microvax 2 computer. COSMIC allows molecules 
to be drawn and also permits, amongst other things, rough minimisation of strain within 
the model by optimising bond lengths and angles by a variety of algorithms. AMP AC is 
a molecular orbital modelling program which includes a variety of Hamiltonians and 
which offers a wide range of M. 0. calculations. One option is to provide better 
optimisation of bond angles and lengths in a molecular model drawn in COSMIC than 
can be achieved by COSMIC's empirical approach. For these Diels-Alder adducts, the 
AMI Hamiltonian was used which gives reliable results for elements up to oxygen in 
the periodic table. When applied to both endo- and exo- isomers of 
cis-tricyclo[6.2.1.02•7]undeca-4,9-diene, this predicted that the dihedral angle between 
the bridgeheads 1+8 and lla is slightly smaller (60.6°) than between 1+8 and llb 
and 
equationl218l J= 
thus it would be expected from the Karplus 
{ 
8.5cos2<1>-0.28 
9.5cos2<1>-0.28 
that J should be slightly larger 
90°::::;<1>::::;180° 
for lla than llb for methylene bridge-bridgehead coupling. Since these J values are 
1.5Hz and 1.9Hz for the peaks around 1.43ppm and 1.55ppm respectively, it is 
tempting to assign these to llb and lla respectively. As the prediction was the same 
for both isomers, this information could not be used to assign the major and minor 
components in the spectrum, but it was assumed that the same relative order of the 
chemical shifts for the methylene bridge protons, i.e. 11 b is downfrequency from lla, 
holds true for the major isomer, since the dihedral angles predicted by 
COSMIC/AMPAC were as follows. The angle between the bridgehead protons 1 or 8 
and lla was 60.5° for the exo- isomer and 60.3° for the endo- isomer. The angle 
.. 
between protons 1 or 8 and llb was 65.2° for the exo- isomer and 65.8° for the endo-
isomer. Given the similarity of these angles as predicted by COSMIC/AMPAC, the 
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above assumption is probably good. 
It is known[2191 that geminal coupling constants are usually negative and become larger 
(in an arithmetic sense) as the angle between the protons increases. Thus in suitably 
substituted cyclohexanes, where the angle approaches the ideal tetrahedral angle of 
109°28', J=-(12-14Hz) whilst in a terminal vinylic methylene, the angle is ca. 120°, 
J=-(0-3Hz) and may even be positive. The llA-11-llB angle for the two isomers were 
predicted to be the same by COSMIC and AMI calculations (for the exo- isomer 
109.9°, for the endo- isomer, 110.0°) thus preventing any sensible assignment on the 
basis of the coupling constants. The measured values of the coupling constants, JAB for 
the llA-llB coupling are 8.7Hz and 7.7Hz, about 60% of the value anticipated for the 
size of the angles predicted. It is known that substituent effects can easily mask angle 
effects on geminal J values; bond strain is a likely contributor to the size of the geminal 
coupling constant in norbornene systems such as this. 
It is possible to assign the isomers by the chemical shift difference, ~o, between the 
peaks for llA and liB. In the exo- isomer these protons experience a greater 
asymmetry of shielding than in the endo- isomer, the difference is ~oexo=0.44ppm and 
~oendo=0.12ppm. The cis- stereochemistry is determined by the single resonance for 
protons 2 and 7. The chemical shifts of both isomers appear in figure 5.5. 
The coupling constants for both exo- and endo- isomers are shown in figures 5.6 and 
5.7. The tables are incomplete due to problems with the extraction of coupling 
constants from some of the complex splitting patterns observed. 
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(exo- or endo-) cis- tricyclo[6.2.1.02•7]undeca-4,9-diene 
Position Proton Exo- Isomer Carbon Proton Endo- Isomer Carbon 
1+8 2.48 48.10 2.72 46.28 
2+7 1.65 39.72 2.36* 40.38 
3+6 ax. 1.65 (b) 29.31 1.65 (b)* 27.62 
3+6 eq. 2.3 (b) 2.18 (b) 
4+5 5.9 129.58 5.73 128.48 
9+10 6.09 136.86 6.12 137.34 
lla 1.82 42.94 1.555 49.33 
llb 1.38 1.435 
Figure 5.5 
Proton and Carbon Chemical Shift Data for exo- and endo-
cis-tricyclo[6.2.l.02.7]undeca-4,9-diene. Obtained on a Varian VXR400. Proton 
frequency 399.952MHz, carbon frequency 100.577MHz. Shifts are expressed in ppm 
relative to TMS. Spectra obtained in CDC13 solution. Key: *=obscured by exo- isomer 
peak, (b )=broad. 
I HAtom 1/8 2fi 3/6ax.. 3/6eq. 4/5 10/9 lla llb 
1/8 ? 1.75 1.5 1.5 
2{7 ? ? ? 
3/6ax. ? ? 2.75 
3/6eq. ? ? 4 
4/5 2.75 4 
10/9 1.75 
lla 1.5 8.7 
llb 1.5 8.7 
Figure 5.6 
Some coupling constants for the exo- isomer in the mixture endo- and exo-cis-
-tricyclo-[ 6.2.1.02•7]-undeca-4,9-diene. 
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II HAtom I 1/8 2n 3/6ax. 3/6eq. 4/5 10/9 lla llb 
1/8 ? 1.9 1.9 1.5 
2n ? ? ? 
3/6ax. ? ? 2.75 
3/6eq. ? ? 4 
4/5 2.75 4 
10/9 1.9 <0.5 0.5 
lla 1.9 <0.5 7.7 
llb 1.5 0.5 7.7 
Figure 5.7 
Some coupling constants for the endo- isomer in the mixture endo- and exo-cis-
-tricyclo-[ 6.2.1.02• 7] -undeca-4,9-diene. 
2. E ndo-cis-6,6-Dimethoxytricyclo[ 6.2.1.02•7]undeca-4,9-dien-3-one 
0 
OMe OMe 
12 13 
Figure 5.8 
This compound was prepared by the method of Farina et al. Their paperl1941 published 
incomplete proton nmr data recorded at 60MHz, enhanced by the use of a chemical 
shift reagent. No further details have been published on it. Some of the assignments in 
the original paper have been shown to be incorrect by the present work. 
119 
4 
lla llb 
5 
10 
9 
... ... . ..
J 
6 5 ppm 
12 13 
2 
1 8 
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e 5.9. Proton NMR Spectrum of Endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]undeca-4,9-dien-3-one 
Centre: Full spectrum. Above and below: Expansions; 
Key: S=spin sidebands C=13C satellites 
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The 1H Spectral Evidence 
The proton spectrum, recorded at 399.952MHz in deuterochloroform, figure 5.9, shows 
two singlets, attributable to the methoxy groups 12 and 13, at 3.16 and 3.4ppm, 
although it is not immediately possible to say which is which. All other protons appear 
as multiplets. 
The vinylic protons are clearly seen as three multiplets in .the ratio 1 :2: 1 at 6.42, 5.94 
and 5.78ppm. Closer inspection reveals that the 5.94ppm multiplet is due to the 
superposition of two separate groups of peaks, and analysis of the coupling constants 
shows that one group is coupled to those peaks at 5.78ppm, and the other group to those 
at 6.42ppm. The vinylic signals arise from two AB systems with the B signal of the 
higher frequency pair coincident with the A signal of the lower frequency pair. 
The assignment may be made as follows. The enone system 4+5 would give rise to the 
AB with oA=6.42ppm (5, four lines of nearly equal intensity, "leaning" towards the 
5.94ppm signal) and oB=5.94ppm (a sharp 1:1 doublet, 4) because the ~-proton in an 
a,~-unsaturated system is always less shielded than the a-proton, as conjugation to the 
carbonyl reduces the electron density on the ~-carbon more effectively than is the case 
for the a-carbon, and thus the ~-proton signal appears at a larger shift than the 
a-proton. Proton 5 would be expected to be more deshielded than any of the other 
protons in this compound, both for the above reason and because the neighbouring 
carbon 6 is attached to two methoxy groups. The 6.42ppm resonance can thus be 
unambiguously assigned to proton 5. Protons 4+5 are coupled to each other with a 
vicinal coupling constant J AB=10.5Hz. Proton 4 is not coupled further to proton 2, 
presumably because of the carbonyl at position 3. Proton 5 is coupled to the proton at 
position 7 via the quaternary carbon at 6. The AB system corresponding to protons 
9+ 10 exhibits eight lines of nearly equal intensity (the A and B arms "lean" towards 
one another) indicating that not only do 9+ 10 see each other, but that they also see the 
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bridgeheads 1 +8. Whilst it is possible to identify the resonances for protons 4+5, the 
assignments for protons 9+ 10 are ambiguous, with consequential problems for the 
corresponding carbon assignments. Farifiaf1941 assigned the vinylic signals incorrectly; 
in the original paper the signals at 6.42 and 5.94ppm (384Hz and 352Hz in the original) 
were correctly assigned to 5+6, but the two AB systems would probably be unresolved 
at 60MHz and the 5.94ppm signal was assumed to integrate to one proton. The signal at 
5.78ppm (348Hz in the original) was erroneously assumed to integrate to two protons 
and was assigned to both 9+ 10. 
For the vinylic signals: 
ABq (oA=6.42ppm, proton 5; oB=5.94ppm, proton 4; JAB=10.5Hz, J5,7=1.6Hz) 
ABq (oA=5.94ppm ;oB=5.78ppm; JAB=5.55Hz, Jg or 10,8 or 1=2.75Hz, 2.9Hz) An 
immediate assignment cannot be made, vide infra. 
The margin of error in the coupling constants, determined by measuring JAB for protons 
4+5 in both the 6.42 and 5.94ppm signals, is ±0.05Hz. 
H 
3.~75 3 .~65 3 .~55 3 .245 ppm 3.105 l. 095 3. 085 3.075 ppm 
Figure 5.1 0. Expansion of the bridgehead proton signals 1 +8. 
Adjacent to the methoxy singlets appear two broad humps at 3.26 and 3.09ppm which 
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under high resolution appear as symmetrical, complex multiplets containing at least 
sixteen lines, figure 5.10. In contrast to the spectra of 
tricyclo[6.2.1.02•7]undeca-4,9-diene (Section I) where the protons at the ring fusion 
gave similar complex signals, it is likely that these humps correspond to the bridgehead 
protons 1 +8. The coupling constants to 1 +8 were obtained from analysis of the peaks 
due to the adjacent protons 2, 7, 9, 10, llA and liB (vide supra et infra) and allow the 
splittings to be estimated graphically. The patterns observed and constructed are 
consistent suggesting that the assignment is correct. It would only be possible to 
produce an accurate simulation by computer if the signs of all the coupling constants 
were known; additionally, the problem becomes unmanageably complex for the eight 
interacting, non-equivalent spins required. The protons at 2+ 7 give rise to relatively 
simple, unambiguously identified signals, see below. 
Another AB appears at A=3.04ppm (four lines, ca. I:1:2:2) with JAB=8.47Hz and 
J=4.35Hz, and B=2.95ppm (eight lines, ca. 3:3:3:3:2:2:2:2) with J AB=8.43Hz, 
J=3.24Hz, J=l.64Hz. These peaks correspond to protons 2+7 which have a vicinal 
coupling constant of 8.45Hz. The J=1.64Hz splitting corresponds to the J=1.6Hz 
splitting for the 6.42ppm proton 5 peaks, thus the group at B=2.95ppm is due to proton 
7, which sees proton 8 (J=3.24Hz.) Proton 2 (3.04ppm) sees proton 1 with a 
significantly different coupling constant (J=4.35Hz) suggesting some skewing of the 
norbomene ring. It follows from the Karplus equation that the dihedral angle I-2 must 
be smaller than the corresponding angle 7-8. Modelling the molecule by 
COSMIC/AMPAC using the AMI Hamiltonian as before predicts that these angles are 
1-2=44.3° and 7-8=52.5° for the closed endo- conformation as drawn at the head of this 
section. (For the open endo- conformation, see Figure 5.18.) 
ABq (oA=3.04ppm, proton 7; oB=2.95ppm, proton 2; JAB=8.45Hz; the resonances are 
further split: J2.1=4.35Hz, hs=3.24Hz, hs=1.65Hz) 
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All of the signals for protons 1, 2, 7 and 8 were unresolved at 60MHz and Fariiia 
observed these as a single complex resonance. 
The methylene bridge AB occurs at ca. 1.36 and 1.43ppm and is similar to the AB 
patterns seen for the endo-exo- mixture of tricyclo[6.2.I.02.7]undeca-4,9-diene isomers. 
The small .1B for the minor isomer in that hydrocarbon mixture, 0.12ppm, is 
comparable to the small .1B observed here, 0.07ppm, suggesting that this is the endo-
isomer (and this was proved to be so by intramolecular photocycloaddition, which also 
proves the cis- stereochemistry at the ring fusion.) It is not possible from the 1H 
spectrum to assign the A and B arms to protons 11a or b, although examination with 
other techniques (decoupling, NOE1D) does resolve the ambiguity, see figure 5.11. 
When the peak at 5.78ppm was irradiated in a homonuclear decoupling experiment, the 
methylene bridge AB showed simplification of the B arm only, at 1.36ppm. This 
indicates that one proton of the pair 11a and 11 b is coupled more closely to 9+ 10, and it 
would be expected from the Karplus equation that this is proton llb which is at an 
angle of ca. 180° to 9+ 10. For the methylene bridge protons 11a and 11b, J AB=8.44Hz; 
again the value of the geminal coupling constant is about 60% of the usual value 
observed in cases where the geminal angle is 110° and bond strain is the likely cause. 
The peaks around 1.43ppm appear as triplets of intensity 1:2:1, 2:4:2, although the 
lineshape suggests that they are in fact further coupled and as was the case with 
tricyclo[6.2.1.02•7]undeca-4,9-diene, these peaks are probably triplets of triplets, 
J=1.8Hz. The peaks centred on 1.365ppm are certainly triplets of triplets, intensity ca. 
2:4:5:8:5:4:2, 1:2:3:4:3:2:1. The larger coupling J=1.5Hz and the smaller coupling 
J=0.7Hz. The J=l.8Hz and J=l.5Hz couplings are from lla or b to the bridgehead 
protons 1 and 8. Evidently the bridgeheads do not see each of the methylene bridge 
protons with the same coupling constant, which is probably a factor in the complexity 
of the splitting patterns observed for protons 1 +8. This is supported by 
COSMIC/AMPAC predictions concerning the dihedral angles between the bridgehead 
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protons 1 or 8 and the methylene bridge protons 11a or 11 b. The predicted angles are: 
Angle H1-C1-Cll-Hlla 61.9° 
H1-C1-Cll-H11b 63.3° 
H8-C8-Cll-Hlla 59.7° 
H8-C8-Cll-Hllb 66.2° 
One of the pair 11a and b is coupled to the vinylic protons 9+ 10 (confmned by 
decoupling experiments, though these alone do not say which of pair 11a+b is coupled 
to 9+ 10) but the 0. 7Hz coupling constant is not resolved in the vinylic peaks at 5. 78 
and 5.94ppm. 
1.45 l.U 1.43 1.4l 1.41 1.40 1.39 1.39 1.37 1.36 1.35 IIPlll 
Figure 5.11. Homonuclear decoupling experiment. Proton 10 at 5.78ppm 
irradiated. Observing protons 11 a and 11 b. The peaks centred at ca. 
1.365ppm experience an effect. 
ABq (oA=1.43ppm; os=l.36ppm, these cannot be immediately assigned to protons lla 
orb; JAB=8.44Hz; the resonances are further split: J11aorb,l+8=1.8, 1.5Hz, 
Iuaor b,9+10=0.7Hz) 
The 13C Spectral Evidence 
The decoupled carbon spectrum obtained at 100.577MHz in deuterochloroform exhibits 
thirteen lines, see figure 5.12. Three of these are capable of instant assignment. The 
carbonyl3 appears at 201.02ppm, the vinylic carbon 5 at 146.98ppm and the quaternary 
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carbon 6 at 97.63ppm. The other signals are so closely crowded together that it is only 
possible to say that the three signals at 133.36, 134.24 and 134.86ppm correspond to 
vinylic carbons 4,9 and 10, in no particular order, and that the clump of lines at 44.58, 
45.64, 48.31, 48.54, 49.15, 49.19 and 50.llppm are carbons 1,2,7,8,11,12 and 13, again 
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Figure 5.12. Decoupled 13C nmr spectrum. Below: expansions, Above: full spectrum 
in no particular order. One might expect the peak intensities to give away the identity 
of the methoxy carbons 12 and 13, but this is not the case. Application of APT allows 
assignment of the methylene bridge carbon at 49.15ppm, whilst DEPT indicates that 
the methoxy carbons 12 and 13 are at 48.54 and 49.19ppm, although it cannot be said 
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which is which. These spectra appear in Appendix 1 as figures 4 and 5. 
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COSY 45° Spectrum of Endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]undecan-4,9-dien-3-one. 
Left: full spectrum Right: expansion 
The 2D Spectral Evidence 
Proton COSY, figure 5.13, helped to confirm that the broad humps at 3.26 and 3.09ppm 
are indeed the bridgehead protons 1 +8 as coupling to methylene bridge protons 11a and 
b is clearly seen. Coupling between proton 7 at 2.95ppm with the hump at 3.09ppm 
assigns the latter resonance to proton 8. Proton 1 is thus at 3.26ppm. COSY also 
permits the assignment of the protons on the non-conjugated double bond. Proton 9 is 
at 5.94ppm and proton 10 is at 5.78ppm because 10 couples with 1 and 9 with 8. 
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Figure 5.14. HETCOR Spectrum of Endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]-
undeca-4,9-dien-3-one. F1 corresponds to the 1H spectrum, F2 to the 13C spectrum 
Below: full spectrum Top: expansion 
HETCOR was used to assign most of the carbon resonances via the proton spectrum, 
see figure 5.14. Those assignable are: 
Carbons 1 +8 at 50.11 and 45.64ppm, carbons 2+ 7 at 48.31 and 44.58ppm, carbons 3 
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and 6 were assigned immediately by inspection at 201.02 and 97.63ppm, carbons 4+5 
at 133.36 or 134.86 for 4 and 146.98ppm for 5 (the latter assigned by inspection), 
carbons 10+9 at 134.24 for 10 and 133.36 or 134.86ppm for 9, carbon 11 at 49.15ppm 
(already assigned via APn and carbons 12+13 at 48.54 or 49.19ppm (assigned via 
DEPT; ambiguous because no assignment is possible for the two methoxy singlets in 
the proton spectrum.) 
Ambiguities remain, however. As mentioned above, the two methoxy groups which 
were identified from APT/DEPT, could still not be assigned specifically to 12 or 13. 
Likewise there is a problem assigning carbons 9 and 4, since their proton signals 
coincide. The methylene bridge protons 11a and b could not be specifically assigned 
either. However, one-dimensional nuclear Overhauser spectroscopy (NOE1D) allows 
some of this ambiguity to be removed. The one thing it cannot do is remove the 
uncertainty over the carbon assignments for 9 and 4. This requires the elegant 
long-range 20 heteronuclear coupling experiment, FLOCK. 
The Nuclear Overhauser Evidence 
Nuclear Overhauser spectra (NOE1D) demonstrated the following. 
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6.1 6.0 5.9 5. 7 5.6 
Figure 5.15. 1D-Nuclear Overhauser Difference, irradiating 5.78ppm 
A) When the peak at 5.78ppm (proton 10) was irradiated, the clearest NOE 
differences were for the two methoxy groups, that at 3.4ppm having a larger NOE 
difference than that at 3.16ppm. The signal at 5.94ppm was also enhanced, but as this 
could be either proton 4 or 9, this result is unhelpful. See figure 5.15. 
6.4 6.3 6.2 6.1 6.0 5.9 5.8 ppm 
Figure 5.16. 1D-Nuclear Overhauser Difference, irradiating 3.16ppm 
B) When the 3.16ppm methoxy was irradiated, the 6.42ppm proton (H5) 
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exhibited a greater NOE difference than the other vinylic protons. Proton 1 (3.26ppm) 
had a greater NOE difference than proton 8 (3.09ppm) and proton 2 (3.04ppm) had a 
greater NOE difference than proton 7 (2.95ppm.) See figure 5.16. 
Figure 5.17. 1D-Nuclear Overhauser Difference, irradiating 3.4ppm 
C) When the 3.40ppm methoxy was irradiated, proton 5 (6.42ppm) still had a 
greater NOE difference than the other vinylic protons. Proton 8 (3.09ppm) now had a 
larger NOE difference than proton 1 (3.26ppm) and proton 7 (2.95ppm) a greater NOE 
difference than proton 2 (3.04ppm.) See figure 5.17. 
Assignment of the two methoxy groups is complicated by the fact that the molecule can 
exist in both an open and closed endo-conformation, figure 5.18. 
131 
/13 13 
0 
0 
5 
Figure 5.18. Open (left) and closed (right) conformations of endo-cis-
6,6-dimethoxytricyclo[ 6.2.1.02. 7]undeca-4,9-dien-3-one. 
Heatley et aJl220l prepared a series of Diels-Alder adducts of cyclopentadiene and 
substituted benzoquinones and found by relaxation time and NOE measurements that 
the preferred conformation is the open one. However, these compounds lack the 
non-bonded interaction of the two methoxy groups with the norbomene residue. 
Experiment (A) demonstrates that the 3.4ppm methoxy is closer to proton 10 than is the 
3.16ppm methoxy, whilst experiments (B) and (C) suggest that the 3.16ppm methoxy is 
closer to protons 1+2 than to 7+8, and that the 3.4ppm methoxy is closer to 7+8 than to 
1 +2. Consideration of the open and closed conformations demonstrates unambiguously 
that if the conformation is open, the methoxy which is closer to proton 10 is also the 
methoxy which is closer to protons 1 +2 - the exact opposite of the observation. Only in 
the closed conformation is it possible for the methoxy closer to proton 10 to be closer 
to protons 7+8. The conformation which permits this most easily is one halfway 
between the two extremes, in which coplanarity of the enone 7t-system is preserved, 
although a Dreiding model suggests this is highly strained. The conformation is drawn 
at the top of figure 5.20. It seems unlikely that the two conformational extremes are 
freely interconverting, as chemical shift differences for the vinylic protons would be 
expected from non-bonded interactions on going from one conformer to the other and 
considerable differences in chemical shift would be expected for the methoxy groups; 
the proton spectrum is well-resolved with no sign of line broadening in the methoxy 
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signals. The methoxy group 12 may be assigned to the resonance at 3.4ppm and 13 
appears at 3.16ppm. Further assistance with this analysis is available from the infra-red 
and ultra-violet data, see Appendix 1 figures 6 and 7, and also from analysis of the nmr 
of the photocyclisation product, vide infra. 
The infra-red carbonyl absorption of unstrained, aliphatic, saturated ketones occurs at 
ca. 1715cm·1, whereas the carbonyl absorption for this compound occurs at 1660cm·1. 
This is evidence that the carbonyl is conjugated to the C=C double bond 
(delocalisation=lower force constant) but the absorption is still a little lower than might 
be expected. It may also be the case that the strain commented upon above, which tends 
to increase the C-(CO)-C bond angle above 120°, contributes to the reduction in 
carbonyl frequency. It is known that as this angle is decreased[2211 in the series 
cyclohexanone, cyclopentanone, cyclobutanone the carbonyl frequency increases. 
FLOCK Spectrum 
There remains the ambiguity . of the assignments for carbons 4 and 9 caused by the 
overlap of the signals of the protons they bear. FLOCK permits the examination of 
long-range heteronuclear coupling. In this instance, 3-bond C-H coupling was 
examined, where the coupling constant is about 8Hz for a 180° C-C-C-H angle, see 
Appendix 1 figure 8. Strong coupling is observed between the methoxy group protons 
12 and 13 and carbon 6, also between carbonyl carbon 3 and proton 5, between carbon 
6 and the ambiguous proton peaks at 5.94ppm (although evidently it is proton 4 which 
responds), between proton lla and carbons 2+7 and most importantly, between proton 
11b and carbons 9+ 10. Unambiguous assignment of carbon 4 at 133.36ppm and carbon 
9 at 134.86 then follows. Weaker coupling is also visible between carbon 5 and proton 
7, between carbon 9 and proton 7 and between carbon 10 and proton 2. 
A complete and unambiguous assignment of all proton and carbon resonances together 
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with the elucidation of most proton-proton coupling constants has thus been achieved 
for CDCI3 solution nmr spectra of endo-cis-6,6-dimethoxytricyclo[6.2.l.02.7]-
-undeca-4,9-dien-3-one and these are summarised in figures 5.19 and 5.20. 
Position Proton Shift Carbon Shift 
1 3.26 50.11 
2 3.04 48.31 
3 201.02 
4 5.94 133.36 
5 6.42 146.98 
6 97.63 
7 2.95 44.58 
8 3.09 45.64 
9 5.94 134.86 
10 5.78 134.24 
11 49.15 
lla 1.43 
llb 1.36 
12 . 3.4 49.19 
13 3.16 48.54 
Figure 5.19 
NMR Spectral assignments for endo-cis-6,6-dimethoxytricyclo[6.2.l.02.7]-
-undeca-4,9-dien-3-one. Chemical shifts are ppm relative to TMS. Spectra obtained on 
a Varian VXR400. Proton frequency 399.952 MHz, carbon frequency 100.577 MHz. 
Spectra were obtained in CDC13 solution. 
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endo-cis- 6,6-dimethoxytricyclo [ 6.2.1.02• 7] -undeca-4,9-dien-3-one 
H 
0 
J HAtom~~ 1 2 4 5 7 8 9 10 lla llb 
1 4.35 2.75 1.8 1.5 
2 4.35 8.45 
4 10.5 
5 10.5 1.65 
7 8.45 1.65 3.25 
8 3.25 2.9 1.85 1.35 
9 2.9 5.55 0.7* 
10 2.75 5.55 0.7* 
lla 1.8 1.85 8.55 
llb 1.5 1.35 0.7* 0.7* 8.55 
Figure 5.20 
Proton-proton coupling constants, J, for endo-cis-6,6-dimethoxytricyclo[6.2.l.02.7]-
undeca-4,9-dien-3-one in Hz, recorded in CDC13 solution. Values are accurate to 
±0.05Hz except for* J 11b-9 and Jllb-lO which are accurate to ±O.lHz. 
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3. 8,8-Dimethoxypentacyclo[8.l.01.S .02•9 .04•7 .06•10]undecan-3-one. 
H s 
H 
Figure 5.21 
H 
This compound, figure 5.21, was prepared by intramolecular 2+2 photocycloaddition of 
endo-cis-6,6-dimethoxytricyclo[6.2.1.02;7]-undeca-4,9-dien-3-one. The fact that this 
reaction proceeds is itself proof that the starting material is the endo-cis- isomerf222l. 
This is the first example of a derivative of this ring system for which the structure has 
been proved exclusively by nmr. Marchand et a/[2231 have studied similar compounds 
by X-ray crystallography. 
The 1 H Spectral Evidence 
The proton spectrum recorded at 399.952MHz in CDC13 was highly complex, figure 
5.22. The methoxy singlets are clearly visible at 3.19 and 3.22ppm, an interesting 
observation which bears comparison with the shifts observed in the starting material 
(see previous section.) Whilst one methoxy group (13) appears to have experienced 
small change in its chemical environment, the other (12) has moved ca. 0.2ppm. This is 
consistent with methoxy 12 experiencing deshielding from one of the C=C double 
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Figure 5.22. Proton nmr spectrum of 8,8-Dimethoxypentacyclo[8.l.0 1.5.Q2.9.Q4.7.Q6.I~­
undecan-3-one. Below: full spectrum, Above: expansions. 
bonds in the starting material, suggesting that it lies in the plane of one theml2241. The 
methylene bridge protons lla and b are present at either 1.57 or 1.87ppm, with 
J AB=11.0Hz. The signals at 1.57ppm are further split into triplets with J=l.5Hz. None 
of these resonances can be assigned to a specific proton or methyl group. All CH 
137 
protons are observed in a 0.7ppm range and all appear as highly complex multiplets. 
The remaining signals can all be assigned as sidebands and 13C satellites. In complete 
contradistinction to the proton spectrum of endo-cis-6,6-dimethoxytricyclo[6.2.l.02.7]-
undeca-4,9-dien-3-one, the range of CH resonances is too small to assign protons next 
to a carbonyl, or protons in a strained four-membered ring simply by inspection. The 
multiplets corresponding to the eight methine protons are as follows: 
3.0-2.89ppm. This multiplet integrates to two protons and can be divided at ca. 
2.94ppm into two distinctly different signals, each corresponding to one proton and 
centred on 2.92 and 2.97ppm respectively. No coupling constants are readily estimable 
due to the complexity of the splitting, which is an apparent quintuplet of quintuplets for 
the 2.97ppm proton and an apparent quadruplet of doublets of doublets for the 2.92ppm 
proton. 
2.87ppm-2.74ppm. This multiplet integrates to three protons and can be divided at ca. 
2. 78ppm to yield an apparent triplet of multiplets corresponding to one proton and 
centred on ca. 2.76ppm. The remaining cluster of peaks between 2.89 and 2.78ppm is 
not readily divisible into the two proton resonances of which it is composed, although 
the resonances are probably centred around ca. 2.81 and 2.84ppm. 
2.64-2.59ppm. This multiplet integrates to one proton, centred on ca. 2.63ppm and is an 
apparent triplet of multiplets very similar in appearance to that at 2.76ppm. 
2.55-2.49ppm. This multiplet integrates to one proton, centred on ca. 2.52ppm and is an 
apparent triplet of distorted apparent doublets of doublets. 
2.42-2.36ppm. This multiplet integrates to one proton, centred on ca. 2.39ppm and is a 
doublet of apparent quintuplets, which may be triplets of triplets. J=lO.lHz for the 
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doublet splitting. The relative simplicity of this splitting pattern suggests that it may be 
proton 2, which by analogy with enda-cis-6,6-dimethoxytricyclo[6.2.1.02·7]-
undeca-4,9-dien-3-one, would be expected to couple strongly with proton 9 (the 
analogous coupling constant is 8.45Hz) and to some extent with proton 1 (analogous 
coupling constant 4.35Hz) but not with proton 4 across the carbonyl. It is the only 
proton which would be expected to couple with only two others, but the complexity of 
the secondary splitting into postulated triplets of triplets indicates that matters are more 
complex than this and it is unsafe to make this assignment from the proton spectrum 
alone. 
Upon photocyclisation of the starting material, endo-cis-6,6-dimethoxy-
t:ricyclo[6.2.1.02·7]undeca-4,9-dien-3-one, it is clear that many new couplings have been 
produced. Their complexity is such that it effectively prevents the extraction of 
coupling constants for most of the molecule, which is unfortunate as it renders 
assigning the resonances and explaining their appearance very much more difficult 
The 13C Spectral Evidence 
The carbon spectrum, figure 5.23, contains the expected thirteen lines, only two of 
which are immediately capable of assignment by inspection. The carbonyl resonance 3 
is at 214.56ppm and the quaternary carbon to which the two methoxy groups are 
attached, carbon 8, is at 107.56ppm. A curious observation is that the carbonyl 
resonance is clearly not a single line, but is quite plainly composed of three lines, see 
Appendix 1 figure 9. This is not a shimming or tube fault, as upon this discovery all 
other lines in the spectrum were closely inspected and found to be quite unexceptional. 
The separation is very small, being 0.06ppm between the main two lines, with a 
shoulder on the highest frequency (and most intense) resonance which is no more than 
0.02ppm downfrequency from it. This odd resonance may be caused by different 
combinations of conformations of the methoxy groups, which are the only mobile 
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Figure 5.23. 13C Spectrum of 8,8-Dimethoxypentacyclo[8,1.01•5.02•9.Q4·7.06•1o:Jundecan-3-one 
Full spectrum above, expansion below. 
structural subunits of the molecule and which by inspection of molecular models 
evidently enjoy only limited rotational motion. Interaction between the oxygen sp3 lone 
pairs on methoxy 13 and the carbonyl 2pz orbital might provide a mechanism, or it 
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could be due to different amounts of strain induced by steric effects as the methoxy 
groups adopt different conformations, see figure 5.24 below. 
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Figure 5.24. A possible explanation of the multiplicity of the carbonyl signal. 
The remaining eleven carbon signals occur over a narrow range, 52-36ppm. 
Assignment by inspection is impossible, but DEPT allows the methoxy carbons 12 and 
13 to be picked out, see Appendix 1 figure 10. These are at 51.05 and 48.67ppm, but 
clearly one cannot say which is which. The methylene bridge 11 appears at 38.37ppm. 
The methlne carbons are: 
51.53, 49.75, 45.64, 42.82, 41.83, 41.52, 40.76 and 36.32ppm. 
The 2D Spectral Evidence 
A comprehensive battery of spectroscopic techniques was brought to bear upon this 
molecule. The similarity of all the proton resonances, i.e. their complexity, made 
obtaining a "handle" on the molecule possible only with the aid of FLOCK. The 
methylene bridge signals could thus be correlated with the bridgeheads 1 and 10 via 
3Hz couplings (2 bond FLOCK) and to carbons 5+6 and 2+9, via 8Hz strong couplings 
(3 bond FLOCK.) 
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Figure 5.25. 3-bond FLOCK (8Hz strong coupling). 
The 2 bond FLOCK was extensively corrupted with spurious signals, but very clearly 
showed that carbons 1 + 10 are at 45.64 and 42.82ppm, without saying which is which, 
see Appendix 1 figure II. Three bond FLOCK, figure 5.25, showed that one of protons 
lla or lib at 1.87ppm is strongly coupled to carbons at 36.32 and 41.83ppm, whilst the 
other proton at 1.57ppm is coupled to carbons 49.75 and 51.53ppm. It is virtually 
certain as a consequence of the Karplus equation that the proton which couples is that 
which lies on the opposite side of the methylene bridge to the carbons concerned, as 
was the case with the starting material, endo-cis-6,6-dimethoxytricyclo[6.2.I.02.7]-
undeca-4,9-dien-3-one. Thus lla will be coupled to 2+9 and 11 b to 5+6. 
It is evident that these four carbon resonances correspond to carbon pairs 5+6 and 2+9 
respectively, the difference in shift being sufficient to assign one pair unambiguously to 
the positions nearest the carbonyl 3 and methoxy-bearing carbon 8. However, it is not 
clear from this evidence which of the resonances 36.32 and 41.83ppm corresponds to 
which of carbons 5+6. Neither is it safe to assign 2+9 specifically to either of the 
resonances 49.75 and 51.53ppm. 
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By default, carbons 4+7 must therefore be at 41.52 and 40.76ppm, although again an 
absolute assignment cannot be made. 
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Figure 5.26. HETCOR Spectrum of 
8,8-dimethoxypentacyclo[8.1.01•5.02•9.o4·7.06•1o:Jundecan-3-one. 
F1 axis = 1 H spectrum; F2 axis = 13C spectrum. 
HETCOR enabled these carbons to be correlated very easily with the respective 
protons, figure 5.26. The bridgehead carbons 1 + 10, at 42.82 or 45.64ppm, correspond 
to the proton signals at 2.63 and 2.76ppm respectively. Carbons 2+9, at 49.75 or 
51.53ppm, are coupled to protons at 2.39 and 2.84ppm. Carbons 4+7 at 40.76 or 
41.52ppm are coupled to protons at 2.52 and 2.92ppm. Carbons 5+6 at 36.32 or 
41.83ppm see protons at 2.81 and 2.97ppm. However, no unambiguous assignment for 
these pairs was yet possible. 
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Figure 5.27. 10-NOE Experiment. The proton 
resonance at 2.63ppm is being irradiated. 
Observing the methoxy signals at 3.19 and 3.22ppm. 
However, since the bridgehead protons 1 + 10 could be identified as either 2.63 or 
2.76ppm, use could be made of nuclear Overhauser spectroscopy (NOEID) to assign 
the methoxy signals. It will be discussed under the 2D heading since it follows 
logically on from the FLOCK and HETCOR evidence. NOE is sometimes accused of 
giving results which are ambiguous, but in this case a very decisive experiment was 
performed. It was not possible to irradiate the methoxy groups selectively and observe 
enhancement of the methine signals to good effect, since the proximity of the methoxy 
signals to one another and to the methine region caused some spillover and the 
experiment was inconclusive. In addition, this is not the best way to get good 
sensitivity. It was, however, possible to selectively irradiate the proton resonance at ca. 
2.63ppm and observe the difference in the methoxy signals, figure 5.27. This is a 
particularly good experiment because the nuclear Overhauser enhancement is brought 
about in this instance via interaction of three methoxy protons with the proton being 
irradiated. It may be noted that the difference spectrum so obtained is particularly free 
of noise, glitches and confusing responses from methine protons, only the two methoxy 
groups being significantly stimulated by the experiment. The signal at 3.19ppm 
received greater enhancement than that at 3.22ppm. Whilst this result is very clear, the 
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consequent assignment is unfortunately not! If the proton at 2.63ppm is proton 1, then 
methoxy signal at 3.19ppm is probably 13. If on the other hand it is proton 10, then the 
methoxy at 3.19ppm must be 12. However, consideration of the various conformations 
possible using a Dreiding rriodel, suggested that the latter assignment was preferable. 
The nuclear Overhauser effect is a short-range phenomenon which falls off rapidly with 
distance. Under ideal conditions, this diminution follows an inverse sixth power law. 
The distances between proton 1 and the two methoxy groups suggested that nuclear 
Overhauser enhancement of the methoxy signal(s) from exciting the resonance of this 
proton was unlikely. However, the possibility that the 2.63ppm resonance was proton 1 
could not be positively eliminated. Until the proton resonance at 2.63ppm could be 
rigorously assigned, ambiguity still remained. 
Homonuclear proton COSY was applied in an attempt to decide which proton in any 
pair could be assigned unambiguously, but it quickly became obvious that, although the 
proton resonances as assigned via HETCOR were completely consistent with those 
obtainable from COSY it was possible to "walk around" the molecule irrespective of 
whether e.g. proton 2 was assigned to the peak at 2.39ppm or at 2.84ppm or whether 
proton 1 or 10 was assigned to 2.63ppm, see figure 5.28. The ambiguity was not 
resolved by this technique. However, if proton 10 really was at 2.63ppm, as suggested 
by the NOElD experiment detailed above, assignment of the remaining proton 
resonances follows easily. 
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Figure 5.28. Homonuclear Proton COSY Spectrum 
of 8,8-Dimethoxypentacyclo[8.l.Ol.5.o2•9.04•7,06•10]undecan-3-one. 
Below: methines and methylene bridge. Above: methine expansion. 
Unfortunately, FLOCK did not show any coupling between either the carbonyl 3 or the 
quaternary carbon 8 and any of the protons in the fused ring system. No "handle" could 
be obtained on the molecule. 
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It was decided that the only certain way of removing the ambiguity of the proton 
spectrum and thence deciding on the correct assignments of the pairs of carbon 
resonances deduced from FLOCK and HETCOR was to obtain an INADEQUATE 
spectrum of the compound, see Appendix 1 figure 12. Fortunately, it was very soluble 
in deuterochloroform and plenty of material was to hand. Unfortunately, the quaternary 
carbon bearing the two methoxy groups, 8, had a lengthy T 1 of about 15 seconds. Thus 
it proved difficult to obtain an INADEQUATE spectrum in reasonable time in which 
nc-13c coupling for this carbon was easily visible. 
The following carbon assignments were already known: 
Carbon 3=214.56ppm. 
Carbon 8=107.56ppm. 
Carbon 11=38.37ppm. 
The starting point for the assignment was the information given by FLOCK 2-bond, 
that the bridgeheads 1 + 10 were either of 45.64 or 42.82ppm. Both have a connectivity 
of three in the INADEQUATE experiment, and one connection, to 11 at 38.37ppm, is 
the same for both. On one side they are coupled to 2+9 and on the other to 5+6. 
The carbonyl, 3, at 214.56ppm is clearly coupled to the carbons at 49.75 and 40.76ppm, 
and this must be the pair 2+4. 
From the information given by FLOCK 3-bond, that 5+6, 2+9 are 36.32, 41.83, 49.75 
and 51.53ppm, it is obvious that 2 must be 49.75ppm since it is the only signal in that 
group of four carbons seen by the carbonyl, 3. 
Carbon 2=49.75ppm. 
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Carbon 9 is thus 51.53ppm since FLOCK 3-bond pairs it with 2. This is confirmed by 
the connectivity seen in INADEQUATE between 9 and the quaternary carbon, 8, at 
107.56ppm. 
Carbon 9=51.53ppm. 
Carbon 4 is the other one of the pair 2+4 connected to the carbonyl, 3, i.e. the peak at 
40.76ppm. Since 2 at 49.75ppm is able to see the 42.82ppm signal, the latter is 
evidently carbon 1, and the other one of the pair, at 45.64ppm, must be carbon 10, 
confirmed by connectivity to carbon 9. 
Carbon 4=40. 76ppm 
Carbon 1=42.82ppm. 
· Carbon 10=45.64ppm. 
It is evident that as 4+7 are the pair 40.76 and 41.52, given by elimination from the 
FLOCK assignments for the norbornane residue carbons, that with 4 already assigned 
by connectivity to the carbonyl, 7 must be 41.52ppm, which is confmned by 
connectivity to quaternary carbon 8. 
Carbon 7=41.52ppm. 
This leaves assignments for 5+6, which are known by the above elimination of 2+9 
from the FLOCK 3-bond data to be 36.32 and 41.83ppm, and also by their chemical 
shift relative to the pair 2+9 (the latter being closer to 3+8 at 214.56 and l07.56ppm.) 
Connectivity between 10 at 45.64ppm and the signal at 41.83ppm demonstrates that the 
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latter is carbon 6. Carbon 5 is thus at 36.32ppm. 
Carbon 5=36.32ppm. 
Carbon 6=41.83ppm. 
It is now possible to use the HETCOR data to assign the proton resonances. Proton 10, 
important for understanding the NOE1D assignments for the methoxy groups 12 and 13 
(and thence carbons via HETCOR) is evidently that signal corresponding to the carbon 
at 45.64ppm, i.e. 2.76ppm. Thus it was proton 1 which was irradiated during this 
experiment, at 2.63ppm. Therefore, the methoxy group which received the greater 
signal enhancement by NOE was in fact methoxy 13 which thus resonates at 3.19ppm, 
whilst 12 resonates at 3.22ppm, the opposite of what had been expected by inspection 
(which shows how risky assigning by inspection can be.) Carbons 13 and 12 are, via 
HETCOR, at 48.67 and 51.05ppm respectively. 
A complete and unambiguous assignment of all proton and carbon resonances has been 
made for 8;8-dimethoxypentacyclo[8, 1,0I.5,02•9,04•7,06•1<>]undecan-3-one, figure 5.29. 
Coupling constant data is only possible to obtain in a few instances. 
This investigation has been, to some extent, "art for art's sake" although it not only 
demonstrates the capabilities of state-of-the-art nmr technology, but also provides a 
precedent to enable the structural determination of other similar compounds by nmr, 
which previously have had their structures elucidated by x-ray crystallography, 
presumably because interpretation of their nmr spectra was believed to be too difficult 
in comparison with x-ray data. 
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Position Proton Shift Carbon Shift 
1 2.63 42.82 
2 2.39 49.75 
3 214.56* 
4 2.52 40.76 
5 2.81 36.32 
6 2.97 41.83 
7 2.92 41.52 
8 107.56 
9 2.84 51.53 
10 2.76 45.64 
11 38.37 
lla 1.57 
llb 1.87 
12 3.22 51.05 
13 3.19 48.67 
Figure 5.29 
NMR Spectral assignments for 8,8-dimethoxypentacyclo[8.l.01.5.o2.9.Q4.7.06·1<>:J. 
undecan-3-one. Chemical shifts are ppm relative to TMS. Spectra obtained on a Varian 
VXR400. Proton frequency 399.952 MHz, carbon frequency 100.577 MHz. Spectra 
were obtained in CDC13 solution. Key: *-The carbonyl peak was composed of three 
lines. The shift given is for the major line. Two others appeared at 0.02 and 0.06 ppm 
downfrequency from it. 
The coupling constants obtained are: 
ABq (aA=l.87ppm; 0s=1.57ppm, A=llb, B=lla; JAB=11.0Hz; the resonances are 
further split: J 1la.Z+9= 1.5Hz) 
ABq (aA=2.84ppm; Og=2.39ppm, A=9, B=2; JAB=l0.1Hz) 
4. Endo-cis-6-Dichloromethylenetricyclo[6.2.1.02•7]undeca-4,9-dien-3-one. 
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Figure 5.30 
This important precursor to 7,7-dichloro-1,4-quinonemethide was made by a 
Wittig-Homer reaction on endo-cis-6,6-dimethoxytricyclo[6.2.I.02.7]-undeca-
-4,9-dien-3-one, see chapter 3 section 3(iv). 
The 1 H Spectral Evidence 
The proton spectrum obtained at 399.952MHz, figure 5.31, can be assigned by analogy 
with the spectrum obtained for the starting material. 
The AB observed for the protons 11 a and 11 b is at 1.42 and 1.455ppm. I AB= 8.8Hz and 
I AX= 1. 7Hz. The latter coupling is to the bridgeheads 1 +8. 
At 3.04ppm is a 1:1:1:1 doublet of doublets integrating to one proton. This is proton 7. 
I AB= 9.1Hz and I AX= 3.9Hz. The latter coupling is to the bridgehead 8. No coupling to 
5 is visible across the sp2 carbon 6. 
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Figure 5.31. Proton NMR Spectrum of Endo-cis-6-dichloromethylenetricyclo[6.2.l.02.7]-
undeca-4,9-dien-3-one. Full spectrum at bottom. Centre: expansions of vinylics and methines. 
Top: expansion of methylene bridge. 
At 3.47ppm is a multiplet integrating to two protons. Part of this multiplet is clearly the 
companion to the 3.04ppm peaks, with JAB and J AX identical to the values for proton 7. 
This is proton 2. The buried signal is the bridgehead 8. 
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The companion to the obscured resonance for 8 appears at 3.65ppm and is a broad 
hump integrating to one proton and appearing similar to those observed in the starting 
material for the same protons. No coupling constants can be extracted. This is proton 1. 
At 5.84ppm a sharp doublet 1:1 appears, leaning slightly upfrequency. It integrates to 
one proton and corresponds to proton 4. JAB= 10.2Hz. As was the case for the starting 
material, no coupling is seen across the carbonyl to 2. The A arm of this AB appears at 
7.29ppm and is identical except for leaning downfrequency. No coupling is seen across 
the sp2 carbon, 6, to proton 7. 
At ca. 6ppm is a multiplet 2:2:5:5:5:5:2:2 which integrates to two protons and which is 
evidently an ABX2 system where A and B are protons 9 and 10. The X protons are the 
bridgeheads 1+8. The coupling constants are JAB= 5.8Hz and JAX=Iax= 2.8Hz. The 
chemical shifts for these two protons, calculated according to the usual method (see 
below, figure 5.32) are 5.98ppm and 6.005ppm. 
JAB 
... r X r 
... .. 
y 
.. 
... r 
VA+ VB 
2 
Method for calculating chemical shifts of the protons in an AB system 
Figure 5.32 
When the arms of an AB system are separated by a shift which is large in comparison 
to the coupling constant e.g. an order of magnitude greater or more, this method makes 
little difference to the shifts produced by estim,ation by eye of the midpoint of I AB· In 
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this case, however, the separation is not so great and the scheme above must be used. 
The only ambiguities arising from the proton data are the identity of protons 11a and 
11 b, and because of the sm:ill chemical shift difference, the identity of protons 9 and 
10. 
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Figure 5.33 
Be Spectrum of Endo-cis-6-dic hloromethy lenetricyclo[ 6.2.1. 02• 7] undeca -4, 9-dien-3-one. 
Top: full spectrum; Below: expansion. 
The Be Spectral Evidence 
The carbon spectrum recorded in deuterochloroform at 100.577MHz shows the 
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expected twelve lines, figure 5.33. It is possible to assign the carbonyl, 3, at 199.68ppm 
by inspection. It is clear from their low peak intensity that the quaternary carbons 6 and 
12 occur at 125.10 and 132.83ppm, but it is not possible to say which is which for 
certain, although it is likely that 12, attached to two chlorine atoms, is the carbon at 
132.83ppm. The vinylic carbons 4+5, 9+10 are at 128.42, 134.11, 135.93 and 
140.28ppm. Since 9+ 10 protons have very close proton chemical shifts it is tempting to 
assign the corresponding carbons to the peaks at 134.11 and 135.93ppm, whilst carbon 
5 is likely to have the most upfrequency shift, at 140.28ppm and 4 at 128.42ppm. All 
these assignments are tentative, however. The problem is more difficult for the 
methine/methylene region where four carbons appear within a ca. 2.5ppm range. The 
five signals for 1+8, 2+7 and 11 occur at 41.32, 47.34, 47.49, 48.24 and 49.90ppm. Safe 
assignments for all but the carbonyl carbon must be made with the aid of HETCOR. It 
was decided not to submit the sample for APT/DEPT first, since the compound is 
thermally unstable and readily undergoes the retro-Diels-Alder reaction at ambient 
temperature. Only the methylene bridge could be assigned by these experiments and it 
was not felt to be worthwhile, when the risk of losing the sample was taken into 
account 
The 20 Spectral Evidence 
HETCOR gives the connectivity between the proton spectrum, already mostly 
assigned, and the carbon spectrum, see Appendix 1 figure 13. As predicted, carbon 5 is 
the most upfrequency of the vinylics, at 140.28ppm and 4 appears at 128.42ppm. 
Carbons 9+ 10 are at 134.11 and 135.93ppm, although an absolute assignment cannot be 
made without knowing which of the corresponding protons is at 5.98 and which at 
6.005ppm. Interestingly enough, it is possible to see from HETCOR that the more 
upfrequency carbon is attached to the more downfrequency proton, 134.11ppm carbon 
corresponding to the 6.005ppm proton. 
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For the methines and methylene bridge, HETCOR provides an unambiguous 
connectivity, despite the close proximity of some of the carbon and proton peaks. 
Carbon 1 is at 47.34ppm and carbon 8 appears at 49.90ppm. Again, the carbon shifts 
are in the opposite shift order to the corresponding proton shifts. Carbons 2 and 7 are at 
41.32 and 47.49ppm- another reversal of the shift order. The methylene bridge 11 is at 
48.24ppm. 
Atnm Proton shia C'nrbon shift I 
1 3.65 47.34 
2 3.47 41.32 
3 199.68 
4 5.84 128.42 
5 7.29 140.28 
6 125.10 
7 3.04 47.49 
8 3.47 49-.90 
9 5.98* 135.93* 
10 6.005* 134.11* 
11 48.24 
lla 1.455 
lib 1.42 
12 132.83 
Figure 5.34. Chemical shift data for endo-cis-6-Dichloro-
methylenetricyclo[6.2.1.02·7]undecan-4,9-dien-3-one. All 
shifts relative to TMS. Spectra recorded in CDC13• Proton 
frequency 399.952MHz, carbon frequency 100.577MHz. 
Key:* proton and carbon signals for 9+10 are exchangeable, 
but the proton and carbon signals are paired as indicated. 
Since carbons 6 and 12 are quaternary, it is not possible to distinguish between them 
with HETCOR, but the initial assignment of the more upfrequency carbon to 12 at 
132.83ppm is probably correct. FLOCK would no doubt prove it, but it is not possible 
to run long experiments (>2hrs) at low temperature due to problems with dry nitrogen 
supply to the probe. 
156 
Atom 
no. 
1 2 4 5 7 8 9 10 lla llb 
1 2.8 1.7 1.7 
2 9.1 
4 10.2 
5 10.2 
7 9.1 3.9 
8 3.9 2.8 1.7 1.7 
9 2.8 5.8 
10 2.8 5.8 
lla 1.7 1.7 8.8 
llb 1.7 1.7 8.8 
Figure 5.35. Proton-proton coupling constants (J) for endo-cis-6-Dichloromethylenetricyclo-
[6.2.l.02.7]undeca-4,9-dien-3-one, from spectrum recorded in CDC13 at 399.952MHz. 
5. Pentacyclo[8.l.01.S.02•9.04•7.06•10]undecan-3,10-dione. 
H 
Figure 5.36 
This compound was prepared by the 2+2 intramolecular photocycloaddition of 
endo-cis-tricyclo[6.2.1.02·7]undeca-4,9-dien-3,6-dione. The synthesis has been reported 
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previouslyC2221, but no detailed nmr study has been undertaken. 
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Figure 5.37 
1H NMR Spectrum of pentacyclo[8.I.Ql.5.ol9.04•7.06•1D]undecan-3,8-d.ione 
Full spectrum below, expansion above 
The 1 H Spectral Evidence 
The proton spectrum, acquired in deuterochloroform at 399.952MHz contains the 
expected five regions, each of which integrates to two protons, see figure 5.37. The 
methylene bridge protons lla and b occur at 1.9 and 2.05ppm, JAB= 11.4Hz. The 
158 
lineshape shows that there is further coupling, but the coupling constant cannot be 
measured. Accordingly, it is not possible to say from this evidence whether lla is the 
more upfrequency proton or the more downfrequency proton. 
The singlet at 2.71ppm also has a lineshape which suggests that coupling is present 
This, by analogy with 8,8-dimethoxypentacyclo[8.1.01•5 .02•9.04•7.06• 1~undecan-3-one, 
is protons 2+9 which experience only weak coupling to the bridgeheads 1 + 10. 
The complex multiplet at 2.8lppm is likely to be either 4+7 or 5+6 and by analogy it is 
more likely to be 4+7. The coupling is complex because not only does proton 4 couple 
with proton 5, but also with proton 6, diagonally across the 4-membered ring. It is 
probable that there is further long range coupling. 
Protons 1 + 10 appear as a nicely symmetrical "octet" at 2.95ppm. The splitting is 
probably a doublet of doublets of doublets of doublets. The individual coupling 
constants are hard to pick out because of uncertainty over the origin of the splitting 
pattern, but can be roughly estimated as J=8Hz, J=4Hz, J=2Hz, J=2Hz. The margin of 
error is likely to be ±1Hz. The assignment is felt to be safe on the grounds that the 
bridgehead protons in this series of adducts generally possess a symmetrical splitting 
pattern, even when subject to the most complex coupling. 
The complex multiplet at 3.18ppm corresponds to protons 5+6 by analogy. No coupling 
constants can be extracted. As is the case for protons 4+7, coupling across the 
four-membered ring is likely.and longer range effects are possible. 
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Figure 5.38. Decoupled 13C NMR Spectrum of 
Pentacyclo[8.l.Ol.5. 02•9. 04•7.06•10]undecan-3, 10-d.ione. 
Top: full spectrum Below: expansion 
The 13C Spectral Evidence 
The carbon spectrum, recorded at 100.577MHz in deuterochloroform contains the 
expected six lines, see figure 5.38. The carbonyls, 3+8, can be assigned by inspection at 
212.12ppm. 
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The remaining peaks are a little too close to one another for a confident assignment by 
analogy, and occur at 38.76, 40.49, 43.81, 44.66 and 54.74ppm. 
The 2D Spectral Evidence 
HETCOR allows straightforward assignment of the carbon spectrum. Carbons 2+9 are 
the furthest upfrequency methines ~t 54.74ppm. The methylene bridge, 11, appears at 
40.49ppm, and the remaining methines 1+10, 4+7 and 5+6 at 44.66, 43.81 and 
38.76ppm respectively. See Appendix 1 figure 14. 
All of the proton and carbon signals for this compound can be assigned, see figure 5.39, 
but extraction of coupling constants is not possible, with the sole exception of the 
methylene bridge AB, for which JAB=11.4Hz. Estimates can be made of the coupling 
constants for the bridgehead protons 1 + 10, but these cannot be specifically assigned to 
particular interactions. 
Atom no. Proton shift · Carbon shift 
1+10 2.95 44.66 
2+9 2.71 54.74 
3+8 212.12 
4+7 2.81 43.81 
5+6 3.18 38.76 
11 40.49 
11a 1.90 
11b 2.05 
Figure 5.39 
Chemical shift assignments for pentacyclo[8.l.Ol,5.o2.9.Q4.7.06,1DJ. 
undecan-3,8-dione, in ppm referenced to internal TMS. Spectra 
were obtained in deuterochloroform. Proton frequency 399.952MHz, 
carbon frequency 100.577MHz. 
6.Endo-cis-Tricyclo[ 6.2.1.02• 7]undeca-4,9-dien-3,6-dione. 
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This compound was prepared by the method of Albrechtf2251. Yates and Switlak have 
recently published a paperl2261 dealing with the preparation of new 
benzoquinone-cyclopentadiene Diels-Alder adducts and their characterisation by nmr. 
The 1 H Spectral Evidence 
The proton spectrum, recorded in deuterochloroform at 399.952MHz appears as 
expected. 
Protons 4+5 appear as a singlet at 6.58ppm. Protons 9+ 10 give an apparent triplet at 
6.07ppm, which is evidently a doublet of doublets with both coupling constants the 
same at J=2Hz. The coupled protons are 1 or 8 and 11 b. 
The bridgeheads 1 +8 give a symmetrical multiplet at 3.55ppm but extraction of 
coupling constants is difficult without knowing the origins of the observed splitting. 
Protons 2+ 7 appear at 3.23ppm, an overlapping doublet of doublets which is nearly a 
triplet because evidently the two coupling constants are very similar. The coupled 
protons are 1 or 8 and lla. One coupling constant is ca. J=2Hz with the other being 
slightly less to account for the broad appearance of the central peak. 
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Figure 5.41. Proton spectrum of endo-cis-tricyclo[ 6.2.1.02•7] undeca-4,9-dien-3-one. 
Bottom: full spectrum. Above: expansions of methylene bridge, methines, vinylics. 
The methylene bridge resonates at 1.55 and 1.44ppm, the former being lla because the 
splitting of the A arm of the signal into triplets is ~learly resolved with I=L8Hz, whilst 
the B ann has unresolved splitting, i.e. the coupling constant is smaller. This is 
consistent with the COSMIC/AMPAC prediction for this molecule that the dihedral 
angle Hl-Cl-Cll-Hlla is 61.4° whilst the angle Hl-Cl-Cll-Hllb is 64.2°. The 
geminal coupling constant, I AB= 8.4Hz, is smaller than expected given the H-C-H 
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angle predicted by COSMIC/AMPAC calculations of 109.9° but is consistent with 
similar coupling constants in other molecules in this series. 
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Figure 5.42 
13C NMR Spectrum of Endo-cis-tricyclo[6.2.1.02•7]undeca-4,9-dien-3,6-dione. 
Below: full spectrum Above: expansion of methines and methylene. 
The 13C Spectral Evidence 
The carbon spectrum, recorded at 100.577MHz in deuterochloroform, contains the 
expected six lines. Three can be assigned by inspection. 
The carbonyls 3+6 are at 199.39ppm, the vinylics 4+5 at 142.04ppm and 9+10 at 
135.29ppm. 
Unfortunately, the methine and methylene carbons occur within a very narrow range of 
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0.4ppm, at 48.34, 48.69 and 48.75ppm. The HETCOR spectrum allows the 
unambiguous assignment of carbons 2+ 7 and appears in Appendix 1 as figure 15. 
C2+C7 are at 48.34ppm. Unfortunately, HETCOR does not show sufficient resolution 
in this case to distinguish Cl +C8 from C11 and this assignment was made with the aid 
of DEPT, see Appendix 1 figure 16. C1+C8 appear at 48.75ppm and Cll resonates at 
48.69ppm. The chemical shift data are summarised in figure 5.43. 
Atom no. Proton shift Carbon shift 
1+8 3.55 48.75 
2+7 3.23 48.34 
3+6 199.39 
4+5 6.58 142.04 
9+10 6.07 135.29 
11 48.69 
lla 1.55 
llb 1.44 
Figure 5.43 
Chemical shift assignments for endo-cis-tricyclo[6.2.l.02.7]undecan-
3,6-dione, in ppm referenced to internal TMS. Spectra were obtained 
obtained in deuterochloroform. Proton frequency 399.952MHz, 
carbon frequency 100.577MHz. 
Few coupling constants were obtained. Of those which were measured, all bar the 
methylene bridge geminal coupling constant were approximately 2Hz. J ua.ub=8.4Hz; 
19+10.1+8= J9+10,11b= 12+7.1+8= J2+7.lla= Iua..l+8= 2Hz. 
7 .Endo-cis-Bicyclo[ 4.4.0]deca-3,8-dien-2,5-dione. 
This compound was prepared according to the method of van Tamelen et aJl2211. 
The 1H Spectral Evidence 
The proton spectrum, recorded m deuterochloroform at 199.975MHz could be 
assigned by inspection, but showed details of unexpected complexity. See Appendix 1 
figure 17. 
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Figure 5.44 
Protons 3+4 are a singlet at 6.68ppm, but protons 8+9 are a most unusual "quintet" of 
intensity ca. 1:4:9:4:1 at 5.7ppm. The former is to be expected, but the latter was 
surprising. It was anticipated that either of the protons 8+9 would see the methylene 
protons 7 or 10 as non-equivalent axial and equatorial protons, with a doublet splitting 
from each coupling. The angle between e.g. 7eq. and 8 is small, hence a large coupling 
would be expected from the Karplus equation, whilst between 7ax. and 8 is close to 90° 
and thus a small coupling would be expected, and thence a doublet of doublets. There 
may be allylic coupling so that each proton 8 and 9 sees four magnetically 
non-equivalent protons, i.e. an AMM'XX' system, but there is evidence elsewhere in 
the spectrum that the reason for the splitting observed may be more involved. 
Protons 1 +6 appear as a complex multiplet at 3.25ppm. In this case there is no question 
of allylic coupling, and the magnitude of four bond H-C-C-C-H coupling to 8+9 (likely 
to be 1Hz or less) is not sufficient to explain the observed splitting pattern. 
The AB for the axial and equatorial protons 7+ 10 is extremely complex and its 
complexity gives a hint to the origins of the other complex splitting patterns observed 
in the spectrum. One arm, the A at ca. 2.5ppm must evidently correspond to the 
equatorial protons and the other, the B at ca. 2.2ppm, to the axial protons, on the basis 
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that the higher frequency protons are in the plane of the neighbouring C-C bondsl2241. 
H 
H 
H 
Figure 5.45. Interconversion of methylene protons 7+ 10 from axial to equatorial 
However, if the ring containing the methylenes is fluxional on a timescale roughly 
equal to that of the nmr experiment, then during the acquisition the axial and equatorial 
protons a and b will interchange, and swap chemical shifts; axial b becomes equatorial 
b, whilst equatorial a becomes axial a. The chemical shifts for the axial protons (and 
the equatorial protons) are changed by a small amount in the process. The coupling 
constants will also change. Neither the chemical shifts nor the coupling constants will 
be identical from one conformer to the other, as the stereochemistry of the molecule 
will impose different chemical environments. One way to test this is obviously to run a 
variable temperature (VT) experiment, in order to see if the splitting pattern simplifies 
as the flipping of the ring speeds up with increasing T. Cooling the sample would result 
in the molecule freezing (on the nmr timescale; it is not implied that molecular motion 
is necessarily stopped) into both conformers, thus without much simplification. It 
should also be mentioned that the other ring, containing the two carbonyls, is also 
capable of flipping (assuming that the electronic advantages of coplanarity of the 
ene-dione system are not too great and thus that it can exist as a boat conformation in 
the first place) but if it does then it must be at a faster interconversion and thus the 
effects are not seen on the timescale of the experiment. 
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There is a second way of investigating whether ring flipping is responsible for the 
complexity of splitting seen for the methylene AB, namely to subject the molecule to 
2+2 intramolecular photocydoaddition and then investigate the spectrum of the fused 
ring system in which the methylenes are rigidly locked. However, it may be anticipated 
from the other analogous compounds that some complications might arise through 
long-range coupling effects and care may be needed in making comparisons. 
There is, at least hypothetically, a third way of investigating thermal interconversion of 
conformers, but it is barely practical. It depends on recording the spectrum at two very 
different proton frequencies. Rarely are the spectroscopic facilities available and it is 
usually simpler to conduct the variable temperature experiment If the limits of high 
resolution nmr are taken as 60MHz and 600MHz, then changing the proton frequency 
gives one order of magnitude difference in timescale at most, and at a price. On the 
other hand, changing the sample temperature by 30-40° will often produce an 
equivalent change in the interconversion frequency.· In practical terms this is much 
easier and cheaper to do. 
When the difference in chemical shift of the axial and equatorial protons in Hertz is 
large in comparison to the interconversion frequency in Hertz, then couplings to those 
different protons can be seen (instrument resolution permitting.) A gradual change 
occurs as the flipping frequency approaches the same value as ~o, with steady loss of 
resolution and the coalescence of the splitting patterns. The loss of resolution is not a 
sudden phenomenon. 
There is thus a temperature-frequency equivalence, both in terms of the flipping 
frequency being temperature-related and in terms of the dispersion of the instrument 
(and hence ~o in Hz) improving with magnetic field strength and allowing more rapid · 
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interconversions to be "frozen" at e.g. ambient temperature. Simultaneously with the 
instrument resolution improving with higher field magnets, the reduction in nmr 
timescale at the higher frequencies employed with those magnets permits the 
observation of faster-exchanging nuclei as separate resonances. 
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Figure 5.46. Variable-Temperature Experiment conducted in DMSO d6• 
Key: Sis the DMSO d5 residual proton resonance .. 
In anticipation of observing the simplification in the methylene signals predicted above, 
a variable temperature experiment was performed with the sample dissolved in DMSO 
d6• Unfortunately, the residual proton signal from DMSO d5 coincides with the methine 
peak in the starting material, but no alternative deuterated solvents were available for 
the required temperature range. However, it was evident that the prediction referred to 
was not borne out by the experiment and the spectra (see figure 5.46) demonstrated that 
a chemical reaction was taking place in the nmr tube. When cold, the same sample 
produced the proton and carbon spectra which are shown in figure 5.47. 
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Figure 5.47." Proton and decoupled Carbon-13 Spectra of the DMSO d6 
solution recovered from the VT experiment above. 
Key: S labels the resonances due to the solvent 
CarlsonU831 reported that refluxing the Diels-Alder adducts of benzoquinone plus 
various 1,3-dienes in aqueous methanol for three hours produces the corresponding 
hydroquinone in excellent yield via tautomerism. The above reaction is thus known, but 
it was not anticipated that it would occur in about half an hour during the VT 
experiment 
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The 13c Spectral Evidence 
In contrast to the proton spectrum, the decoupled carbon spectrum of endo-cis-bicyclo-
[4.4.0]deca-3,8-dien-2,5-diorie recorded in deuterochloroform at 50.289MHz is 
uncomplicated and contains the expected five lines, see Appendix 1 figure 18. All 
resonances can be assigned by inspection. 
Carbons 7+10 are at 24.15ppm, 1+6 at 46.29ppm, 8+9 at 124.39ppm, 3+4 at 
139.29ppm and the carbonyls 2+5 at 199.97ppm. 
The chemical shift data are presented in figure 5.48. No coupling constants were 
extracted. 
Atom no. Proton shift Carbon shift 
1+6 3.25 46.29 
2+5 199.97 
3+4 6.68 139.29 
7+10 24.15 
7+10ax. 2.2 
7+10eq. 2.5 
8+9 5.70 124.39 
Figure 5.48 
Chemical shift a$signments for endo-cis-bicyclo[4.4.0]deca-3,8-dien-
2,5-dione, in ppm referenced to_internal TMS. Spectra were obtained 
-obtained in deuterochloroform. Proton frequency 199.975MHz, 
carbon frequency 50.289MHz. 
Conclusions 
1) The spectra which were obtained in the course of this work constitute a 
good example of the capabilities of current state-of-the-art nmr 
technology. 
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2) 
3) 
4) 
It has proved possible for the first time to assign the structures of two 
pentacyclo[8.1.01•5.02•9.04•7.06•10]undecane derivatives purely on the basis 
of nmr experiments. 
The work has found that corrections to the literature are required in 
respect of some of the assignments of the proton spectrum of 
endo-cis-6,6-dimethox ytricyclo[ 6.2.1.02•7] undeca-4 ,9-dien-3-one. 
Molecular orbital calculations have been shown to provide a useful 
adjunct to the nmr data. Predictions made by such calculations regarding 
the relative sizes of vicinal coupling ~onstants have been borne out in the 
values measured. 
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!l Preparation of p-acetoxybenzaldehyde diethyl acetal. 
Ammonium nitrate (300mg) was dissolved with warming in anhydrous ethanol (lOml) 
in a lOOml round-bottomed flask, under nitrogen. To this solution, 
p-acetoxybenzaldehyde (13.6g, 11.6m1, 83mmol), prepared from 
p-hydroxybenzaldehyde by the method of Richter£2281, was added. The solution was 
warmed to keep the ammonium nitrate in solution, and triethyl orthoformate (20m1) 
was added. The mixture became turbid, and after leaving overnight, a mass of crystals 
had deposited. The supernatant liquid was decanted and distilled from anhydrous 
potassium carbonate under nitrogen at reduced pressure to give p-acetoxybenzaldehyde 
diethyl acetal (16g, 88%); a colourless liquid, b.p. 98-104°C@ 0.25mmHg; calculated 
for C13H180 4 : C 65.53%, H 7.61 %; accurate mass (m/e) 238.120509226; found C 
65.45% H 7.80%; (m/e) 238.11337. Spectra are presented in Appendix 2. Figure A2.1 
shows the proton and decoupled proton spectra in deuterochloroform at 250.133MHz, 
figure A2.2 shows the carbon spectrum and DEPT at 62.896MHz plus the infra-red 
spectrum, whilst the mass spectrum appears in figure A2.3. The compound does not 
appear to have been prepared previously. 
~ Attempted brominations of p-tolualdehyde diethyl acetal. 
a) With NBS. 
N-Bromosuccinimide (4.45g, 25mmol) and p-tolualdehyde diethyl acetal (4.85g, 
25mmol) prepared as for acetoxybenzaldehyde diethyl acetal, were illuminated under 
nitrogen in refluxing carbon tetrachloride (20m1) in the presence of benzoyl peroxide 
( 40mg) using a 60W frosted lamp, which supplied both heat and light. Heating was 
continued for two hours, and the mixture was then distilled under nitrogen at reduced 
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pressure, to give ethyl p-methylbenzoate, (2.5g, 61 %); b.p. 65°C, 0.1mmHg; required 
for CwH120 2: C 73.15, H 7.37; found C 73.20%, H 7.32%. The product was identified 
by infra-red and mass spectroscopy and by proton nmr at 60MHz; 3(ppm vs. internal 
TMS in CDC13) 1.3(t, 3H, J=7Hz), 2.25(s, 3H), 4.2(q, 2H, J=7Hz), 7.0(d, 2H, J=8Hz), 
7.7(d, 2H, J=8Hz). The infra-red and mass spectra appear in figure A2.4. 
b) With bromine. 
Potassium metal (0.2g, 5mmol) was reacted with sec-butanol (25ml, 20.2g, 0.27mol), 
the solution was degassed in vacuo and dry nitrogen admitted. The acetal (lg, 1ml, 
5.2mmol) was added by syringe and the mixture stirred magnetically. A yellow colour 
developed. Neat bromine (0.8g, 0.25ml, 10mmol) was added by syringe and a white 
precipitate appeared (0.6g) which was filtered off and washed with ether. It was 
identified as potassium bromide by elemental analysis. The organic layer was 
evaporated to yield a lachrymatory brown oil, 1.4g, which TLC (silica, ethyl acetate) 
showed to contain a large number of products which were not further purified. 
1). Preparation of the exo-cis-adduct of furan with maleic anhydride. 
Maleic anhydride (9.8g, 0.1mol) was dissolved in diethyl ether (50ml) and furan (6.8g, 
7 .3ml, 0.1mol) was added. The mixture was left to stand overnight and the resulting 
crystals recovered by filtration to give exo-cis-4,10-oxa-tricyclo[5.2.1.01•7]decan-8-
ene-3,5-dione, (11.7g, 70%) m.p. dec. ca. 120°C, Iit.£2291 125°C. Required for C8H60 4: 
C 57.84%, H 3.64%; found C 57.71%, H 3.61%. The compound cannot be 
recrystallised as it undergoes the retro reaction in warm solvents. The proton nmr 
spectrum (250.133MHz in CDC13) appears in figure A2.5. 
1)_ Methanolysis of the exo-cis-adduct of furan with maleic anhydride. 
The above adduct (lOg, 60mmol) was dissolved in methanol (200ml) and left to stand 
for 72 hours. The solvent was removed on a rotavap below 35°C and the crude product 
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was dried in vacuo. The crude material contained about 25% of starting material, as 
indicated by 60Mhz proton nmr analysis, and was recrystallised from warm methanol 
(below 35°C) using cardice cooling to force crystallisation. Some loss of material was 
observed, as anticipated. The purified product, monomethyl exo-cis-7 -oxa-bicyclo-
[2.2.1]hept-5-ene-2-carboxylate-3-carboxylic acid, was obtained as colourless crystals 
(6g, 50%). Required for ~H1005 : C 54.55%, H 5.09%; found C 54.43%, H 5.12%. 
When an attempt was made to distil a portion under high vacuum, the compound 
underwent the retro-Diels-Alder reaction. 
~ Preparation of benzyl methyl ketone via Grignard synthesis. 
Benzyl chloride (12.6g, 11.5ml, 0.1 mol) in ether (15ml) was added to magnesium 
turnings (2.43g, 0.1mol) in ether (lOml) and after addition was complete, the mixture 
was refluxed for 15 minutes. Acetonitrile (4.1g, 5.2ml, 0.1mol) in lOml ether was 
added, and the resulting iminium salt was hydrolysed by addition of 10% hydrochloric 
acid. The mixture separated into two layers. The aqueous layer was washed with two 
20ml portions of ether, the ether washings combined with the ethereal layer from the 
reaction flask and dried with magnesium sulphate, and the solvent removed by rotavap. 
The residue was fractionated and found to contain bibenzyl, identified by its melting 
point of 49-52°C. Also present was a particularly vile-smelling oil which was not 
further characterised. Benzyl methyl ketone was obtained (2g, 15% ), as a yellow oil 
which gradually solidified. B.p. 212-214°C, required for C9H100: C 80.56%, H 7.51 %; 
found C 80.70%, H 7.45% . 
.Q)_ Preparation of Dibenzyl Ketone via Grignard Synthesis. 
The preparation followed the scheme outlined above for the synthesis of benzyl methyl 
ketone, but the reagents used were, benzyl chloride (38.4ml, 42.2g, 0.33mol) in ether 
(150ml), magnesium turnings (8.1g, 0.33mol) in ether (30ml) and benzyl cyanide 
(40.1ml, 39g, 0.33mol) in ether (40ml). A one litre flask was used for this preparation 
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because hydrolysis of the iminium salt formed by the reaction was exothermic and 
produced considerable frothing during work-up. A double-surface condenser was 
necessary to aid control of the vigorous refluxing which this caused. Fractionation of 
the crude material gave dibenzyl ketone as a pale yellow oil which gradually solidified, 
(18.8g, 27%) b.p. 148-151 oc @ 0.2mmHg. Required for C15H140: C 85.68%, H 
6.71 %; found C 85.55%, H 6.80%. The mass spectra of the recovered bibenzyl and 
dibenzyl ketone appear in figure A2.6. 
7l Attempted chlorination of p-tolualdehyde diethyl acetal. 
p-Tolualdehyde diethyl acetal (5g, 25.7mmol) prepared as for acetoxybenzaldehyde 
diethyl acetal was refluxed with sulphuryl chloride (3.5g, 2ml, 25.7mmol) in carbon 
tetrachloride (25ml) with benzoyl peroxide (25mg) for half an hour. Proton nmr 
(60MHz) indicated that the acetal had been hydrolysed and there was no evidence of 
any chlorinated product. 
ID Diels-Alder reaction of 1,4-diphenylbutadiene with phenyl vinyl sulphoxide. 
Phenyl vinyl sulphoxide (1g, 6.6mmol) was refluxed in carbon tetrachloride (25m1) 
with 1,4-diphenylbutadiene (1.36g, 6.6mmol) under nitrogen. The mixture was 
periodically inspected by tic (silica, ether:petrol1:1) but after 48 hours, no reaction had 
occurred and the experiment was discontinued. The same observation was made after a 
similar experiment was conducted in boiling toluene for 72 hours and when it was 
repeated in refluxing chlorobenzene for four days. However, repetition of the reaction 
under the conditions used by Paquette[2301 (sealed tube, chlorobenzene, 190°C) allowed 
the isolation of p-terphenyl, identified by its melting point of 206-7°C and its analysis. 
Required for C18H14: C 93.87% H 6.13%; found C 93.97%, H 6.04%. 
2} Synthesis of 1,1 ,2,2-tetrakis(morpholino )ethane. 
The preparation was performed according to the method used by Kliegman and 
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Barnesl2311. Glyoxal 40wt% (aq) (70g, 0.482mol) was added to excess cooled 
morpholine (195ml, 195g, 2.24mol) with stirring. The temperature was regulated 
between 5-l0°C. After ca. two thirds of the glyoxal had been added the suspension of 
product was so thick that a further 1 OOml of morpholine was added to facilitate stirring. 
Upon completion of addition, the mixture was left to stand at 0-5°C for 1 hour. The 
suspension was agitated with hexane (2x lOOml) the supernatant liquid discarded and 
the resulting sludge filtered with considerable difficulty. The solid, still heavily 
contaminated with morpholine, was transferred to a vacuum dessicator and the residual 
morpholine removed by pumping via a large capacity cold trap. 
1,1,2,2-Tetrakis(morpholino)ethane was obtained as a white powder (129g, 81 %.) 
Required for C1sH34N404: C 58.35%, H 9.25%, N 15.12%; found C 58.61%, H 9.33%, 
N 15.27%. The proton nmr spectrum recorded at 60MHz in deuterochloroforrn showed 
the following peaks (o, ppm vs. internal TMS) 2.8(m, 16H) 3.8(m, 16H) 4.l(s, 2H.) 
10) Reaction of 1,1,2,2-tetrakis(morpholino)ethane with acetyl chloride. Attempted 
preparation of 1,2-bis(morpholinium)ethane dichloride. 
A suspension of 1,1,2,2-tetrakis(morpholino)ethane (lOg, 27mmol) in THF (100ml) 
was added to an ice cooled solution of acetyl chloride (3.8ml, 4.24g, 54mmol) in THF 
(20ml.) A deep purple precipitate formed and the reaction was allowed to stand for an 
hour. The solid was filtered off, washed with dry ether and the solvent removed in 
vacuo. Yield 8.5g, more than 100% based on 7.3g expected 
1,2-bis(morpholinium)ethane dichloride. Calculated for C10H18N20 2Cl2: C 44.62%, H 
6.74%, N 10.41%, Cl 26.34%; found C 50.11%, H 7.65%, N 10.61% Cl 13.53%. The 
solid became pale brown when completely dry and was exceptionally hygroscopic, 
small samples liquifying in seconds when exposed to moist air. 
ill Treatment of p-trifluoromethylphenol with base. 
a) p-Trifluoromethylphenol (2g, 12.3mmol) was shaken with 15ml of 1M sodium 
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hydroxide solution. A thick white precipitate formed which was allowed to stand 
overnight. The product was filtered off and washed with water, dissolved in ether, dried 
with magnesium sulphate and evaporated by rotavap. Yield 1.6g, 91% on the expected 
linear polymer described by Jones[2321. The GPC trace appears in Appendix 2. The 
polydispersity was 1.5, with peak molecular weight ca. 9,000 (polystyrene equivalent, 
obtained in THF.) Required for (C7H40F2)n: C 59.17%, H 2.84%, F 26.74%; found C 
59.03%, H 2.91 %, F 26.8%. The proton (250.133MHz) and carbon (62.896MHz) 
spectra, recorded from CDC13 solution, appear in figure A2.7. The fluorine nmr 
spectrum (376.289MHz) and infra-red spectrum appear in figure A2.8 and the FAB 
mass spectrum plus GPC are shown in figure A2.9. 
b) p-Trifluoromethylphenol (1.4g, 8.6mmol) was dissolved in dry THF (2ml) and 
added by syringe to butyl-lithium (5ml of 1.7M) in THF (25ml) under dry nitrogen at 
0°C. There was an instant loss of the colour of the butyl-lithium solution. The mixture 
was left to stir overnight. The volatiles were removed by rotavap, ether (lOOml) and 
water (lOOml) were used to wash out the flask and the ethereal extract washed with 
water, dried over magnesium sulphate and evaporated. The ether layer contained 0.1g 
of a yellow oil which was shown by nmr to be mainly unreacted starting material. The 
aqueous layer, which was turbid, was combined with the washings and a precipitate 
gradually began to form. The washings were left overnight, and the precipitate filtered 
off and treated as for the product of 11(a). GPC in THF (Appendix 2) showed that the 
material was not substantially different from the material prepared in (1) above. HPLC 
(reverse phase) on a Hypersil 5 ODS column at 1.5ml/minute eluting with 40% 
acetonitrile (aq) indicated the presence of three low molecular weight impurities, but 
these were not further characterised. The HPLC and GPC traces are shown in figure 
A2.10. 
12) Preparation of activated zinc for the generation of dichloroketene. 
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Zinc powder (May and Baker, 1Kg) was sieved through a fine mesh to remove foreign 
matter (the sample treated was found to contain large amounts of broken glass) and 
large particles. The sieve used had a mesh size of 90jlm. The zinc was then thoroughly 
de greased by washing with petrol ( 40-60°) using a volume sufficient to cover the zinc 
by about twice the depth of the layer of powder. Having rendered the zinc mechanically 
clean from extraneous matter and organic surface contamination, the oxide film was 
removed by one of two methods. 
a) The acid-wash method. The sieved and degreased zinc was washed with a large 
volume of dilute hydrochloric acid (11 of 10% v/v.) The zinc was left to pickle for 
several minutes, until the evolution of hydrogen became rapid and the mass of powder 
swelled up like a sponge and began to float in the acid. It was then washed free of acid 
with many repeated washings of distilled water. The clean zinc was dried by washing 
four times with acetone and twice with ether and whilst still moist with ether, was 
transferred through a powder funnel assisted by a spatula into a lOOOml round 
bottomed flask. The washings with water and organic solvents had to be conducted in 
such a way that the zinc was not allowed to dry out in the air and when filtered, had no 
air sucked through it whilst on the filter. The moist zinc was pumped down at room 
temperature via a large capacity cold trap. The trap needed attention periodically until 
the vacuum gauge indicated a pressure of about w-1mbar (ca. 1 hour.) Once the 
pressure had fallen to w-2mbar (about four or five hours at room temperature) the flask 
was immersed in a water bath and heated at 95-l00°C until the pressure dropped again 
to w-2mbar, when the water bath was changed for an oil bath and heating continued to 
170°C and maintained at that temperature until the pressure fell once more to w-2mbar, 
all of which took a further day. The activated zinc was stored under nitrogen until it 
was needed. 
b) The copper sulphate method. The degreased zinc was agitated in a solution of 
copper (In sulphate (lOg of the pentahydrate in 11 water) until the colour of the solution 
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was discharged. It was then filtered off and washed as in 12(a) and dried in vacuo as 
before, and stored under nitrogen until needed. 
13) A flow system for the generation of dichloroketene. 
A pyrolysis tube was prepared from borosilicate glass tubing 46mm diameter and 50cm 
long. To one end was affixed a B34 socket and to the other an 8mm bore vacuum 
stopcock, the open end of which terminated in a B34 cone. Indentations were made 
lOcm from the stopcock end of the tube, and glass wool inserted from the socket end to 
form a support over the indentations for activated zinc powder. The tube was filled with 
activated zinc powder (acid method) to within lOcm of the socket end, and a plug of 
glass wool inserted to retain the zinc. The charged pyrolysis tube was inserted into a 
horizontal tube furnace which was powered by a Variac and which had previously been 
calibrated with the empty tube in place by use of a thermocouple probe. The B34 cone 
at the stopcock end was mated with a liquid air-cooled glass trap and the exit side of 
the trap connected to a vacuum line. The socket end of the tube was equipped with a 
flask adaptor, which permitted a B24 round bottomed flask to be connected vertically 
to the horizontal pyrolysis assembly via an oblique-type two way tap. The outlet of this 
tap was connected to a B34 cone which provided the connection to the socket of the 
pyrolysis tube. One of the entry lines to this tap came from a nitrogen line (to allow the 
system to be purged with nitrogen before and after use) whilst the other was joined to a 
B24 cone to allow connection with the round bottomed flask. The flask possessed two 
necks, the spare one of which was equipped with a very fme capillary nitrogen inlet. 
See figure 6.1. 
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14) Flow synthesis of dichloroketene using trichloroacetyl chloride and activated 
zinc powder. 
The apparatus, set up as described in 13, was cautiously pumped down (to avoid zinc 
dust being drawn into the cold trap by vigorous gas flow) and nitrogen was cautiously 
admitted, the process being repeated three times to ensure that no air was left in the 
pyrolysis tube. The furnace was then heated to 350°C (monitored by thermocouple 
probe) whilst under continuous evacuation, and left until the vacuum had improved to 
w-2mbar (about two hours.) The two way tap was opened with care so that 
trichloroacetyl chloride vapours from the round bottomed flask (which contained lOg 
of the acid chloride) were drawn through the zinc. The vacuum fell abruptly to 1mbar, 
mostly due to the capillary nitrogen bleed. Once all the liquid had been used up, the 
furnace was switched off and the pyrolysis tube allowed to cool under vacuum. 
Nitrogen was cautiously admitted to the tube. Whilst the assembly was cooling, the 
8mm vacuum stopcock between the tube and cold trap was closed, the trap let down to 
nitrogen and removed for examination, to see how much dichloroketene had collected. 
The trap was empty, and upon inspection of the pyrolysis tube assembly once cold, it 
was evident that a combination of the heat of the furnace and the exothermicity of the 
reaction had melted a portion of the zinc (mp 419°C) and completely destroyed the acid 
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chloride. It was, however, ascertained that the melting had been confined to one small 
zone near the inlet end of the tube, and the apparatus was therefore reassembled and 
further experiments conducted. In these, however, it was decided to improve the 
vacuum to the highest attainable and the nitrogen bleed in the reactant flask was 
removed, bumping now being prevented by means of vigorous magnetic stirring. 
Initially, the furnace was heated to 140-50°C, and a vacuum of w-2mbar was used to 
draw the acid chloride vapours through the tube. The cold trap now collected material, 
but on cessation of the experiment and examination of the trap contents (the zinc was 
kept hot and the trap removed by means of isolating the pyrolysis tube with the 8mm 
stopcock) no reaction had occurred and the acid chloride had simply been vac 
transferred through a bed of hot zinc. The reagent was recycled at a temperature of 
240-50°C, but there was still no signs of reaction occurring. It was decided to repeat 
this last attempt with the addition of a large crystal of iodine to the acid chloride; the 
iodine vapour was drawn into the pyrolysis tube and evidently consumed as no purple 
solid collected in the cold trap, but the acid chloride still managed to distil through the 
hot zinc, although the recovery was now much less than 100%. A repeat of this attempt, 
again using iodine but at 300-10°C, produced another disappointing lack of 
dichloroketene in the cold trap. Upon cooling and disassembly of the apparatus, it was 
evident that a quantity of carbonaceous material had collected in the pyrolysis tube, and 
it is likely (particularly in view of other experiments) that dichloroketene had indeed 
been produced, but had instantly polymerised in the heat of the furnace, in spite of the 
vacuum being high enough to ensure a relatively brief residence time. The zinc was 
now melted over a much wider zone and outside of this area (indicated by a dull 
metallic mirror on the inside of the pyrolysis tube) it had extensively sintered and made 
cleaning by means of acid the only way of emptying the tube contents. 
15) Flow synthesis of dichloroketene using dichloroacetyl chloride and 
triethylamine. 
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The apparatus used in the pyrolysis experiments was modified so that it could be used 
for an alternative method of producing the dichloroketene under conditions where it 
was less likely to undergo thermally-induced polymerisation. The furnace was 
dispensed with and the tube was packed with glass wool to act as a filter to remove 
triethylamine hydrochloride particles from the expected vapour stream. A space was 
left, lOcm long, at the socket end of the tube, to allow room for a new flask adaptor to 
be connected. The new .adaptor allowed the connection of two round bottomed flasks, 
without the interposition of a two-way tap, and was so constructed that the vapours 
from the flasks entered the reaction tube (ex-pyrolysis tube) by means of two apertures, 
one circular from one flask, and the other concentric with the circle in cross section and 
forming an annulus around it. The central tube, the circular aperture, extended for eight 
centimetres inside the reaction tube, so that mixing of the vapour streams would not 
occur until well inside the intended reaction zone and thus deposition of amine 
hydrochloride in the reactant flasks by backstreaming of vapours should be avoided. 
The adaptor was so constructed that the cross-sectional areas of circular and annular 
apertures were approximately the same. See figure 6.2. 
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Figure 6.2 
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The apparatus was assembled as for pyrolysis, but without the tube furnace and with 
the new flask adaptor in place. Into one flask dichloroacetyl chloride (5ml, 7.7g, 
52mmol) was placed and into the other triethylamine (7.25ml, 52mmol.) The apparatus 
was then evacuated via the cold trap, and instantly a mist of triethylamine 
hydrochloride began to appear inside the tube. Also, a thick brown deposit began to 
appear around the mouth of the central tube which admitted the trichloroacetyl chloride 
and upon the upper wall of the reaction tube slightly downstream of the mixing zone. 
The temperature of this area was casually checked by hand, and was found to be 
extremely hot. No dichloroketene was trapped, and evidently the brown mass was 
unwanted polyketene. The experiment was repeated, but this time the exit tubes from 
the flask adaptor fed into a highly efficient three coil condenser which was inserted into 
the socket of the reaction tube. The initial mixing then took place in a cooled vessel, 
but the cooling was still insufficient to suppress ketene polymerisation. It was decided 
to further modify the reaction tube and provide it with a cooling jacket in which 
acetone-cardice could be used to maintain the entire tube and glass wool filter at low 
temperature. This was successful provided the temperature of the cold bath surrounding 
the tube was well-regulated, and dichloroketene could be prepared and isolated in 
solution from the cold trap in small quantities by this technique. 
16) Solution phase synthesis of dichloroketene from dichloroacetyl chloride and 
triethylamine and its reaction with cyclohexanone without catalysis. 
Dichloroacetyl chloride (9.6ml, 14.7g, 0.1mol) in dry 40-60° petrol (50ml) was added 
dropwise with acetone-cardice cooling to a magnetically stirred solution of 
triethylamine (10.1g, 14ml, 0.1mol) in 200ml petrol under nitrogen at -20°C. The 
mixture was then cooled to -70°C and filtered under nitrogen through a sinter to 
remove triethylamine hydrochloride. 'cyclohexanone (9.8g, 10.4ml, 0.1mol) was then 
added, and the mixture left at -10°C in the freezer overnight. The mixture was then 
evaporated, vac transferred and submitted for GC/MS, but no spiropropiolactone or 
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dichloro-olefin was observed. 
17) Reaction of dichloroketene with benzoquinone catalysed by zinc chloride. 
A suspension of activated zinc (copper sulphate method, 13g, 0.2mol) in ether (150ml) 
was cooled to 0° to -10°C by acetone-cardice and stirred magnetically under dry 
nitrogen in the presence of benzoquinone (7 g, 65mmol), to which trichloroacetyl 
chloride (7.4ml, 12g, 66mmol) in ether (15ml) was added dropwise over three hours. 
The solution was allowed to warm to room temperature and filtered to remove 
unreacted zinc. On cooling in an acetone-cardice bath, yellow crystals separated ( 4g) 
which were shown to be unreacted benzoquinone. The supernatant liquid was washed 
with saturated sodium bicarbonate solution (lx 100ml) and water (lx lOOml) dried over 
magnesium sulphate and evaporated to yield a red solid (3g) which rapidly turned green 
and then black. TLC (silica, ether:petrol 1:4) showed that this product was a highly 
complex mixture. 
18) Reaction of dichloroketene with cyclohexanone catalysed by zinc chloride. 
A suspension of activated zinc (copper sulphate method, 6.5g 0.1mol) was stirred in 
ether (75ml) at 0-5°C under dry nitrogen and cyclohexanone (6.7ml, 6.3g, 65mmol) 
was added. Trichloroacetyl chloride (7.25ml, 11.8g, 65mmol) in ether (7.5ml) was 
added cautiously over 2.5 hours. Two spontaneous exotherms were observed which 
rose to 20°C before control could be regained. The reaction was allowed to stir at room 
temperature overnight. By morning, a voluminous white precipitate had formed which 
was separated from unreacted zinc by decantation and washing with ether. The ethereal 
solution was washed with water (3x lOOml) dried with magnesium sulphate and 
evaporated to yield 5.6g of a yellow liquid which was vacuum transferred and 
examined by GC/MS, which showed the presence of dichloromethylenecyclohexane 
and the expected spiropropiolactone, 1 ,1-dichloro-3 -oxa-spiro£3 .5/nonan-2-one The 
white solid, 5g, was insoluble in all common solvents, but swelled a little in dimethyl 
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sulphoxide. It was hydrolysed by refluxing in aqueous ethanolic potassium hydroxide. 
The infra-red spectrum of this compound suggested that it was an ester (see Appendix 
2) and it is probable that it was a polyester formed by ring-opening polymerisation of 
the spiropropiolactone. The infra-red spectra of the white precipitate and the 
spirolactone appear in figure A2.11. The infra-red and mass spectra of 
dichloromethylenecyclohexane appear in figure A2.12, whilst the proton and carbon 
nmr spectra are shown in figure A2.13. The proton and carbon nmr spectra of the 
lactone are shown in figure A2.14, the proton and carbon nmr spectra of the 
precipitated polyester in DMSO d6 appear in figure A2.15. The proton and carbon nmr 
spectra of the hydrolysed polymer appear in figure A2.16. 
19) Reaction of dichloroketene with cyclohexanone catalysed by added zinc chloride, 
aluminium tribromide or boron trifluoride diethyl etherate. 
Dichloroacetyl chloride (14.7g, 9.6ml, O.lmol) in ether (50ml) was added to 
triethylamine (lO.lg, 13.9ml, O.lmol) in ether (200ml) at -20°C with magnetic stirring. 
The reaction was protected by a calcium chloride drying tube. The solution was filtered 
under dry nitrogen at -78°C through a sinter and cyclohexanone {9.8g, 10.3ml, O.lmol) 
and zinc chloride (lOOml of 1M in ether) were added. The solution was allowed to 
warm to room temperature overnight. The solution was transferred to a separating 
funnel and washed with water (3x lOOml) dried over magnesium sulphate and 
evaporated to yield a brown oil, lOg, having a strong smell of cyclohexanone. TLC 
(silica, ether:petrol1:4) showed that the cyclohexanone remained largely unchanged. 
The experiment was ·repeated and aluminium bromide was added to the mixture 
containing cyclohexanone, but there was still no sign of adduct formation. When a 
similar reaction was performed using boron trifluoride etherate catalyst, there was no 
observed product formation. 
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20) Reaction of benzoquinone with dichloroketene. 
Benzoquinone (10.8g, 0.1mol) was suspended in 200ml anhydrous ether containing 
triethylamine (9.4g, 12.9ml, 0.1mol.) Dichloroacetyl chloride (13.6g, 8.9ml, 0.1mol) 
was added drop wise with cooling by cardice/acetone to keep the temperature at -10 to 
-15°C. The solution was allowed to warm to room temperature and filtered; the 
precipitate was identified as triethylamine hydrochloride. The solution was 
concentrated to yield yellow crystals, which were thermally unstable and 
poorly-characterised, possibly 1 ,1-dichloro-3 -oxa-spiro[3 .5/nona-5 ,8-dien-2 ,7-dione 
(16g, 79%.) Examination by tlc on silica (ether:petrol 1:1) showed only a trace of 
residual benzoquinone to be present. The yellow crystals decomposed at 70°C, 
resolidified and remained solid to over 250°C. The yellow solid decomposed if left 
overnight at room temperature to yield a viscous brown oil. The carbon nmr spectrum 
appears in figure A2.17, the infra-red spectra of the adduct and benzoquinone appear in 
figure A2.18. 
21) Thermal decarboxylation of benzoguinone-dichloroketene adduct. 
The yellow product from the above reaction (12.8g) was pyrolysed with a hot air gun at 
20mmHg in a flask equipped with reflux condenser. A large volume of gas was 
evolved, and some material was lost by violent expulsion via the condenser and 
vacuum connection. A hard red solid remained in the flask and was scraped out with a 
steel spatula. Allowing for the material lost up the condenser, the weight loss was 2.2g. 
The expected weight loss for the decarboxylation is 2.6g. The red solid remaining did 
not melt below 400°C, the limit of the apparatus. A portion was extracted in a Soxhlet 
with carbon tetrachloride which removed only a very little material. The residue was 
then extracted with acetone overnight, and in contrast all of the red solid was extracted, 
although the solubility was very low and most appeared in the extraction flask as a 
precipitate. The solid state 13C CPMAS spectrum appears in figure A2.19a. Required 
for (C7H4CI20)n: C 48.04%, H 2.30%, Cl 40.51 %; found C 54.59%, H 2.35%, Cl 
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21.55%. 
A repetition of the above experiment, but in the solution state (1g yellow adduct in 
50ml chloroform, refluxed overnight) gave 0.8g of a white solid, which was also highly 
insoluble and gave the analysis C 40.38%, H 1.39%, Cl 51.42%. The solid state 13c 
CPMAS spectrum appears in figure A2.19b. The infra-red spectra of the red and white 
solids appear in figure A2.20. The proton and carbon nmr spectra of the acetone extract 
of the red solid are shown in figure A2.21. 
The mass spectra (EI, Cl) of the red material appear in figure 2.22. However, FAB 
showed nothing, possibly because the material is highly involatile and poorly soluble. 
The EJJCI spectra showed no molecular ion, but there were peaks at inter alia rn/e 121 
and 155 in both, indicating that these were fragments. The latter peak had a companion 
at rn/e 157 and the relative intensity of the two was in the ratio 3.2:1, whilst the ratio 
expected for the presence of one chlorine in the fragment is 3.1:1. The spectra 
demonstrate that there is no benzoquinone in the product, but the identity of the red 
material could not be elucidated. 
22) Thallium (Ill) nitrate oxidation of 4-methoxyphenol. 
Thallium trinitrate trihydrate (11.1g, 25mmol) dissolved in methanol (40ml) and 
trimethyl orthoformate ( 40ml, 38.7 g, 0.36mol) was added at -70°C to a stirred solution 
of 4-methoxyphenol (3.1g, 25mmol) in methanol (35ml) and trimethyl orthoformate 
(35ml, 33.8g, 0.32mol.) The reaction mixture was protected by a dry nitrogen blanket. 
The solution was allowed to warm to room temperature and the oxidation proceded 
smoothly, without vigorous exotherm, depositing a heavy white precipitate of thallium 
(I) nitrate. The solution, now containing two equivalents of nitric acid, was quickly 
neutralised with excess methanolic potassium hydroxide (3.3g, 59mmol, in 50ml 
methanol) and 60-80° petrol (lOOml) was added to reduce the solubility of remaining 
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thallium (I) nitrate, and also to form a floating liquid seal to reduce hydrolysis by 
ingress of moisture. The precipitated thallium and potassium nitrates were filtered off, 
and the liquid concentrated to ca. 10-20ml by rotavap below 35°C. [HAZARD! 
Residual nitric acid, if present, may cause violent oxidation of the concentrated organic 
solution. The ester methyl nitrate may also be present. It is a brisant high explosive 
with an energy content and sensitivity to detonation similar to "nitroglycerin. '1 The 
concentrated solution was put onto an 8 x 1.25 inch column of basic activated alumina, 
and eluted with 60-80° petrol to remove residual acid, thallium salts and unreacted 
phenol. The process of eluting the methanolic solution was highly exothermic and 
lower-boiling petrol fractions could not be used; considerable quantities of vapour 
bubbles were formed in the column, but efficiency of separation was not impaired. The 
eluate was concentrated by rotavap below 50°C (water bath temperature) to prevent 
decomposition of the product and when as much methanol, trimethyl orthoformate and 
high-boiling petrol residues had been removed as possible at this temperature, the pale 
yellow liquid (4,4-dimethoxycyclohexa-2,5-dienone) was vac transferred at the highest 
attainable vacuum (1Q-5mbar) and the lowest necessary water bath temperature (ca. 
50°C.) When pure it is colourless, but is inevitably contaminated with a minute amount 
of benzoquinone resulting from hydrolysis and which, because of its tendency to 
sublime in the vapour stream, is not possible to remove. Yield 3.6g, 92%. Modifying 
this procedure by using a basic ion exchange resin (Amberlite IRA400[0H]) to remove 
the acid instead of basic alumina was successful in doing this, but the product ketal also 
stuck to the column and could not be eluted. An attempt to neutralise the nitric acid 
byproduct with solid anhydrous potassium carbonate failed, possibly because this base 
is insoluble in the reaction mixture. The proton and carbon nmr spectra are shown in 
figure A2.23, whilst the infra-red spectrum appears in figure A2.24. 
23) Iron (Ill) chloride oxidation of 4-methoxyphenoll233l. 
4-Methoxyphenol (1.4g, 11.3mmol) was stirred vigorously in 70ml methanol and with 
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anhydrous potassium carbonate (8g, 58mmol) suspended in the mixture, contained in a 
one litre tall form beaker. Anhydrous iron (III) chloride (9.4g, 58mmol) was added all 
in one portion. There was vigorous effervescence. The mixture was left to stir for half 
an hour, and poured into saturated sodium bicarbonate solution (lOOml.) The 
suspension was extracted with ether (3x lOOml) the extracts combined, washed with 
brine, dried with magnesium sulphate, evaporated and vac transferred. A trace of 
yellow benzoquinone was found in the product, but the remainder was unreacted 
starting material. 
24) Electrolytic oxidation of p-Methoxyphenol. 
Many electrolysis experiments were conducted in order to improve on the quantities of 
4,4-dimethoxycyclohexa-2,5-dienone obtainable by thallium (III) nitrate oxidation. 
Whilst thallium chemistry works in excellent yield, the scale on which it can be 
employed is limited by safety and cost considerations. The method developed by 
Nilsson, Ronlan and Parkerl1981 which proceeds via the electrolytic oxidation of 
para-methoxyphenol in methanol was thus attractive, as the claimed yield is 97% and 
the electrolysis may be scaled up safely. However, the claimed yield was not borne out 
in practise and the best which could be obtained was 32%. A letter to the authors asking 
for suggestions to improve the yield met with no response. 
The cell used for these experiments is shown overleaf with the electrode assembly, 
figures 6.3 and 6.4. The cathode was a piece of tungsten wire, 0.5mm diameter and 
5cm long. The anode was a piece of 0.025mm platinum foil 5cmx5cm, rolled into a 
half-cylindrical shape to fit inside the cooling coil. The anode supports were two 2.5cm 
lengths of lmm diameter platinum wire. 
The platinum components were joined by hammer welding at red heat. The soldered 
junctions with the lead-in wires (copper) were covered with a proprietary sealant to 
prevent participation of the solder in the electrochemical reactions. 
The first six attempts used the platinum foil in its original 'as received' condition, i.e. 
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Figure 6.3. Cell for electrolytic oxidation reactions. 
springy, shiny and not annealed except in the area of the welds with the support wires. 
The next two attempts used the electrode after it had been made the cathode in another 
cell, filled with a 3wt% solution of chloroplatinic acid containing 0.02wt% lead acetate, 
and electrolysed against a platinum rod anode at 500mA for five minutes. This 
deposited a thick layer of 'platinum black' on the anode. The remaining attempts were 
made with the anode after it had been pickled in concentrated nitric acid, lOwt% 
aqueous potassium hydroxide, washed with distilled water and heated to red heat in a 
Bunsen flame. In this condition, the surface was dull and the metal soft and easily 
deformed. 
All experiments used a solution of p-methoxyphenol (lOg, 80mmol) in methanol (AR 
grade, 60ml) with various other additives. This will be referred to as the standard 
solution. Work-up was identical in each case. The solution was poured into 300ml of 
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Figure 6.4. Electrode assembly for the electrolysis cell. 
pH6 phosphate buffer (made by adding 112ml of 0.1M sodium hydroxide to a solution 
of 13.6g of potassium dihydrogen phosphate in one litre of water) and extracted with 
dichloromethane (3x 150ml.) The extracts were dried over magnesium sulphate and 
evaporated to yield the crude product. 
24.1. Experiments with the 'as supplied' anode. 
a) Anhydrous lithium perchlorate ( 4g) was added to the standard solution as support 
electrolyte and a constant current source was used to provide 500mA for the duration of 
the electrolysis, which was conducted under nitrogen with magnetic stirring. According 
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to Nilsson et a/[1981 the reaction requires 3.5F/mol, thus for this experiment 15 hours 
(overnight) were allowed. The voltage drop across the cell at the start was 7v, at the 
end it was 9v, lit. 21v. The reaction yielded 14g of a brown tar containing none of the 
desired product (nmr analysis.) The anode was heavily coated with black sludge. 
b) This experiment was conducted as for 24.1(a) but using a lower current density. 
The constant current supply was set to deliver 250mA and the reaction carried out for 
24 hours. Work-up gave a brown tar, ca. 14g, containing none of the desired product 
(nmr analysis.) The anode was again heavily coated by oxidation products. 
c) This experiment was conducted as for 24.1 (b) but with the addition of sodium 
bicarbonate (6.88g, 82mmol) as an additional safeguard against acidity for any of the 
desired ketal which might have been formed. The back emf across the cell was 5v at 
250mA. The product was again a tar, ca. 14g, but in contrast to 24.1(a) and (b) there 
was no adhering slime on the anode. NMR of the crude product indicated none of 
desired product was present. 
d) This experiment was conducted as for 24.1(a) with the addition of potassium 
hydroxide (0.55g, 9.8mmol) to the standard solution. Again, the product was a brown 
tar, yield 14g, but nmr indicated a trace of the desired material. 
e) This experiment was performed as per experiment 24.1(a), but using anhydrous 
methanol and a current of 3A which gave a back emf of 21 v across the cell. The 
reaction was stopped after 1.5 hours (theoretically, the time required was 2.5 hours.) 
The product, 14g, was a black tar containing no product by nmr. 
f) The back emf in the absence of p-methoxyphenol was measured by filling the cell 
with a solution of lithium perchlorate (4g) in anhydrous methanol (60ml) and passing 
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500mA from the constant current supply. It was found to be 7.5v. Bearing this in mind, 
an experiment was conducted using the standard solution to which lithium perchlorate 
(0.8g) was added, with sodium bicarbonate (0.7g, 8mmol) added as buffer. The 
electrolysis was performed under a nitrogen blanket with magnetic stirring. A current 
of 500mA was used for 15 hours and this gave a back emf of 22-23v across the cell. 
Following the standard work-up, a brown tar, 14g, was recovered which by nmr 
contained none of the desired product. 
24.2. Experiments with the modified anode, coated with 'platinum black.' 
a) The standard solution was used with lithium perchlorate ( 4g) as the support 
electrolyte and a current of 500mA. The back emf varied between 7-9v. The reaction 
was performed under nitrogen with magnetic stirring. Work-up gave a brown solid, 
lOg, which by nmr was unreacted starting material. 
b) The standard solution was used with lithium perchlorate (0.8g) giving a back emf 
of 20v across the cell at a current of 500mA. The reaction was performed under 
nitrogen with magnetic stirring. Work-up gave a brown solid, lOg, which nmr showed 
to be unreacted starting material. 
24.3. Experiments with the modified anode, after acid and base treatment and 
annealing. 
a) The standard solution, containing lithium perchlorate (0.8g) and a suspension of 
sodium carbonate (6g, 57mmol) was electrolysed under nitrogen with magnetic stirring 
at a constant current of 500mA, which fell at the end of the electrolysis to 60mA. The 
back emf rose from 23v to 25v. The product, after standard work-up, was a black tar, 
12g, containing some of the desired product by nmr. 
b) The experiment was scaled up, using 1.5 times the quantities of reagents used in 
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24.3(a) except for sodium carbonate (6g, 57mmol.) The electrolysis was performed for 
22 hours. Yield of black tar, containing some of the desired product, 16g. 
Repetition of 24.3(b) six times gave a total yield of tar of 140g. This was subjected to 
column chromatography on basic alumina (900g) in a 50mm o.d. column, eluting with 
40-60° petrol containing between 0 and 8% methanol (gradient elution.) The tar 
blocked the column and elution was very slow. The tar separated into two bands, the 
higher Rf material was collected as a yellow solution. which on evaporation gave a 
yellow oil, 50g. This was shown by nmr to be predominantly the desired product. The 
material was vacuum transferred at the highest vacuum attainable on the line with a 
diffusion pump, w-5mbar, with a water bath temperature not exceeding 50°C. 
4,4-Dimethoxycyclohexa-2,5-dienone was obtained as a yellow liquid with a pleasant 
fruity smell (40g, 26%.) The nmr spectra appear in Appendix 2. 
Subsequently it was necessary to prepare more ketal, but repetition of 24.3(b) failed to 
yield any of the desired product. This was ascribed to the anode surface having changed 
in the intervening months. In spite of treating the anode with nitric acid and potassium 
hydroxide, and annealing it as before, no ketal could be obtained. The constant current 
supply was replaced by a potentiostat and the oxidation conducted as for 24.3(b) at a 
controlled potential of 2v (anode potential vs. a silver reference electrode placed close 
to it) but no product was detected in the black tar recovered. The reaction is evidently 
highly sensitive to the condition of the anode and it is clearly advisable, once a working 
system has been achieved, to obtain as large a quantity of 
4,4-dimethoxycyclohexa-2,5-dienone as possible since the conditions are not 
reproducible and the nature of the anode surface is unstable with respect to time. 
25) Wittig and Wittig-Romer Reactions. 
All needles and cannulas used for these reactions were brought to red heat in a Bunsen 
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flame before use (including Luer fittings.) Syringes were dried in an oven and flasks 
were dried under dynamic vacuum according to the following procedure. A spirit-based 
marker pen . was used to draw a cross on the base of the flask, the arms of which 
extended to half way up the sides. Vacuum was applied and a Bunsen used to heat the 
flask evenly with a blue flame (no inner cone visible) until all the ink was burned off. 
The temperature attained is unknown, but it was insufficient to soften the glass and the 
ink markings ensured that heat was evenly distributed. A large number of Wittig and 
Wittig-Bomer rea<;tions were performed. The following examples are representative. 
25.1) Dichloromethylenetriphenylphosphorane and dichloromethylenetris-
( dimethylamino )phosphorane reactions. 
a) On endo-cis-anti-endo-cis-pentacyclo[10.2.1.15•8.02•11.04•9]hexadeca-6, 13-dien-
3, 10-dione. 
Triphenylphosphine (5.458g, 21mmol) was rapidly transferred into a 2-necked round 
bottomed flask. THF dried over potassium wire (50ml) was added under nitrogen, 
followed by bromotrichloromethane (8.2g, 4.1ml, 41mmol) with magnetic stirring. The 
solution was cooled by ice whilst stirring was continued for 1.5 hours. The initially 
colourless mixture became orange and was transferred by cannula onto 
endo-cis-anti-endo-cis-pentacyclo[ 1 0.2.1.15•8.02•11.04•9]hexadeca-6, 13-dien-3, 10-dione 
(2.5g, 10mmol) and stirring continued under nitrogen. The solid dissolved and the 
solution became dark brown. After four days, a precipitate had formed and hexane 
(25ml) was added and the precipitate filtered off. The filtrate was concentrated and 
deposited crystals amounting to 1.2g, which were shown to be starting material by 
infra-red spectroscopy. The precipitate was extracted by washing with ethyl acetate 
(100ml) and the solution concentrated and subjected to column chromatography on 
silica, eluting with ethyl acetate. A further quantity of starting material was obtained 
and also some triphenylphosphine oxide. The residual solid which did not dissolve in 
ethyl acetate was shown to contain triphenylphosphine oxide and 
bromochlorotriphenylphosphorane. No dichloro-olefin was recovered. Final recovery 
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of starting material ca. 80%. 
The reaction was repeated with a two molar excess of lithium chloride over the amount 
of ylid used, but the reaction again yielded mostly unreacted starting material. Proton 
and carbon nmr spectra (figure A2.25) suggested that the ylid was deprotonating the 
starting material. 
Another preparation was attempted using tris(dimethylamino)phosphine (3.25g, 3.5ml, 
20mmol) in place of triphenylphosphine. The tris(dimethylamino)phosphine was added 
in THF (lOml) solution by syringe to a mixture of bromotrichloromethane (8g, 4ml, 
40mmol) and endo-cis-anti-endo-cis-pentacyclo[ 1 0.2.1.15•8 .02•11.04•9]hexadeca-6, 13-
dien-3,10-dione (2.5g, 10mmol) in THF (50ml) with stirring. This reaction required 
more efficient cooling (acetone-cardice, -20°C) as the ylid-forming reaction is more 
vigorous with this phosphine. The reaction mixture was allowed to warm to room 
temperature overnight and the volatiles then removed by rotavap. The resulting mixture 
was partitioned between ether (200ml) and saturated sodium bicarbonate solution 
(2xl00ml) and the ether layer washed with water (3x100ml) dried over magnesium 
sulphate and evaporated. TLC (silica, ether-petrol1:4) indicated no product formation. 
b) On endo-cis~anti-exo-cis-pentacyclo[10.2.1.1 5•8.02• 11 .04•9]hexadeca-6, 13-dien-
3,10-dione. 
The starting material was prepared by refluxing the endo-cis-anti-endo-cis- isomer in 
ethanolic potassium hydroxide under nitrogen[2341. Triphenylphosphine (5.245g, 
20mmol) was dissolved in THF (50ml) under nitrogen and bromotrichloromethane (8g, 
4ml, 40mmol) was added with ice cooling. The ylid solution was added to the 
endo-exo- adduct (2.5g, lOmmol) by cannula and worked up as for the previous 
reaction. TLC (silica, ether-petrol1:4) showed no product formation after 2 days. 
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c) On p-benzoquinone. 
Benzoquinone (1.08g, lOmmol) and triphenylphosphine (5.25g, 20mmol) were 
dissolved in THF (50ml) under nitrogen with stirring and bromotrichloromethane 
(2.7ml, 5.35g, 27mmol) was added at 0°C. The mixture was left overnight, treated with 
hexane and filtered to give a brown solution which gave a thick tar on evaporation, 
which slowly crystallised. Yield 1.1g, 58%. TLC (silica, ether:petrol 1:4) indicated a 
complex mixture of products. 
d) On cyclohexanone. 
The above synthesis was repeated using cyclohexanone (2ml, 1.9g, 19mmol) 
triphenylphosphine (lOg, 38mmol) bromotrichloromethane (5ml, lOg, 51mmol) in 
50ml dry THF under nitrogen. Work-up was by adding 40-60° petrol (50ml) and 
filtering, removing solvent by rotavap and vac transferring the product. The distillate, 
ca. 2ml, was submitted for GC/MS which indicated that the dichloro-olefin had been 
formed, albeit in around 10% yield (by GC integration.) This was subsequently 
increased to ca. 60% by repeated attempts. Required for C7H10Cl2: C 51.21% H 6.14%, 
Cl42.64%; found C 50.94%, H 6.11 %, Cl42.96%. 
e) On endo-cis-anti-endo-cis-tricyclo[8.4.0.03•8]tetradeca-5,12-dien-2,9-dione. 
This compound (1.15g, 5.3mmol) plus triphenylphosphine (2.79g, 10.6mmol) were 
dissolved in THF (lOOml) under nitrogen with stirring and bromotrichloromethane (4g, 
2ml, 20mmol) was added by syringe with ice cooling. The reaction was left overnight 
and hexane ( 40ml) was added. Bromochlorotriphenylphosphorane was hydrolysed by 
shaking with water (5ml) and the mixture was filtered to remove triphenylphosphine 
oxide. The volatiles were removed by rotavap, the residue taken up in ether and washed 
with water (lOOml) dried over magnesium sulphate and evaporated. TLC (silica, 
ether-petrol1:4) indicated no product formation. 
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Another preparation was attempted using a mixture of the title compound (lg, 
3.8mmol) and bromotrichloromethane (3g, 1.5ml, 30mmol) in THF (50ml) under 
nitrogen to which tris(dimethylaminophosphine) (1.24g, 1.4ml, 7.6mmol) in THF 
(lOml) was added by syringe with stirring, and cooling by acetone-cardice (-20°C.) The 
mixture was left to warm to room temperature overnight. The volatiles were removed 
by rotavap and the residue partitioned between ether (lOOml) and saturated sodium 
bicarbonate (2x100ml) and washed with water (3x100ml), dried over magnesium 
sulphate and evaporated. TLC (silica, ether-petroll :4) indicated no product formation. 
f) On endo-cis-tricyclo[6.2.1.02•7]undeca-4,9-dien-3,6-dione. 
The title compound (8.7g, 0.05mol) was dissolved in THF (150ml) with 
bromotrichloromethane (7.5ml, 15g, 0.075mol) and the mixture stirred under nitrogen. 
Tris(dimethylamino)phosphine (16.3g, 18ml, O.lmol) in THF (50ml) was added by 
cannula with cooling by cardice-acetone (-20°C) and magnetic stirring. The reaction 
was left to stir and warm to room temperature overnight. A thick suspension formed 
which stirred with difficulty. Water (15ml) was added and the suspension dissolved. 
Two layers formed. The upper layer was separated, evaporated, taken up in ether 
(lOOml), washed with water (2x50ml) dried and evaporated. Nothing was present in 
this extract. The aqueous washings were combined with the aqueous layer from the 
reaction and evaporated at or below 50°C by rotavap. The residue was pumped to 
dryness on the vacuum line via a cold trap in which hexamethylphosphorictriamide 
condensed. The dry material, a yellow solid, 6. 7 g, was examined by TLC (silica, 
chloroform) and found to be different from the starting material. It was insoluble in 
ether, pentane and ethyl acetate. The solid was purified by column chromatography on 
silica, eluting with chloroform. NMR indicated that the product was not starting 
material, but neither was it the anticipated product of the Wittig reaction. The proton 
and carbon nmr spectra appear in figure A2.26. It was evident that the recovered solid 
contained hexamethylphosphorictriamide, and it seems likely that it was either a 
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tightly-bound complex or a Michael-addition product. 
g) On 2,6-dimethylcyclohexanone. 
Synthesis (25.1.d) was repeated with triphenylphosphine (5.245g, 20mmol) 
bromotrichloromethane (5.4g, 2.7ml, 28mmol) and 2,6-dimethylcyclohexanone (1.26g, 
1.3ml, 10mmol) in 50ml dry THF. Work-up was as before but GC/MS indicated no 
product formation. 
h) On 4,4-dimethoxycyclohexa-2,5-dienone. 
The above compound (1.5g, 1.35ml, 9.7mmol) was added by syringe to a solution of 
dichloromethylenetriphenylphosphorane, prepared as above from triphenylphosphine 
(5.lg, 19.4mmol) and bromotrichloromethane (5.2g, 2.6ml, 26mmol) in THF (50ml) 
under nitrogen with ice cooling. The solution was allowed to warm to room 
temperature over two hours and stirred overnight. Dry 40-60° petrol (20ml) was added, 
the solution filtered and evaporated. The resulting deep purple oil was vacuum 
transferred and the colourless liquid, yield 1.5g, 70% on the expected product, 
examined by proton nmr (250MHz) and GC/MS. The material rapidly darkened, even 
under nitrogen in the freezer. GC/MS indicated that the product was a mixture, but 
contained ca. 40% of a material which gave inter alia m/e=189, 191, 193 with intensity 
ratios consistent with two chlorines. It seems probable that the 
4-dichloromethylenedimethoxycyclohexa-2,5-diene decomposed through loss of CH30· 
to yield a tropylium ion with this mass. The proton and carbon spectra are shown in 
figure A2.27 whilst the infra-red and mass spectra appear in figure A2.28. 
25.2) Diethyl trichloromethylphosphonate reactions. 
a) The above compound was prepared by the method of Kosolapofti235l. Triethyl 
phosphite (50ml, 47.75g, 287mmol) was refluxed overnight with carbon tetrachloride 
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(250rnl, 398g, 2.58mol) and the excess carbon tetrachloride removed by rotary 
evaporation. The residue was distilled through a short Vigreux column and the desired 
fraction redistilled at higher vacuum. Diethyl trichloromethylphosphonate was obtained 
as a mobile, colourless liquid, (64g, 83%); b.p. 139-142°C @ 18mmHg, 65-8°C @ 
O.lmmHg, lit[2341 127-8°C@ 13mmHg. The proton and carbon nmr spectra are shown 
·in figure A2.29 and the infra-red spectrum appears in figure A2.30. 
b) On endo-cis-tricyclo[6.2.1.02•7]undeca-4,9-dien-3,6-dione. 
The title compound (4.25g, 24mmol) was dissolved in THF (50rnl) under dry nitrogen. 
In a separate flask, diethyl trichloromethylphosphonate (6.9g, 4.9rnl, 27mmol) was 
added to THF (50rnl) under dry nitrogen and the mixture was magnetically stirred and 
cooled to -90°C with a liquid air-acetone slush bath. Butyl-lithium (18ml of 1.64M in 
pentanes) was added slowly, the temperature at all times was less than -80°C, and the 
mixture stirred for half an hour. The solution of the diketone was added by cannula at 
or below the same temperature and the solution left to warm to room temperature 
overnight. The colour became intense on addition of the diketone and by morning was 
deep red. The mixture was evaporated to dryness by rotavap, and the residue taken up 
in ethyl acetate (150rnl) and washed with saturated brine (2xl00rnl), dried over 
magnesium sulphate and evaporated. The crude product, 4.5g, was dark red and TLC 
(silica, ether-petrol 1:4) showed streaking and many spots. No attempt was made to 
effect further purification or to identify the components of the mixture. 
c) On 4,4-dimethoxycyclohexa-2,5-dienone. 
The title compound (5.5g, 5ml, 36mmol) in THF (50ml) was added with magnetic 
stirring, at or below -80°C, by cannula to a solution prepared by the addition of butyl 
lithium (24rnl of 1.64M in pentanes) to diethyl trichloromethylphosphonate (lOg, 
7.25rnl, 39mmol) in THF (lOOrnl) under nitrogen at or below -80°C. The colour 
darkened instantly. The mixture was left to warm to room temperature overnight. The 
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deep red solution was evaporated, the residue taken up in dichloromethane (200ml), 
washed with pH7 .5 phosphate buffer (3x 330ml) dried over magnesium sulphate and 
evaporated to yield an orange oil, 4.75g. Proton nmr indicated that the product was 
mainly unreacted starting material, see figure A2.31. 
d) On endo-cis-bicyclo[ 4.4.0]deca-3,8-dien-2,5-dione. 
The title compound (5g, 31mmol) was dissolved in dry THF (150ml) with magnetic 
stirring under nitrogen. The solution was cooled to -90°C by acetone-liquid air slush. 
Diethyl trichloromethylphosphonate (7.9g, 5.6ml, 31mmol) and anhydrous lithium 
chloride (5g, 118mmol) were dissolved in a separate flask in THF (lOOml) under dry 
nitrogen. The solution was cooled to -90°C by liquid air-acetone slush. Butyl-lithium 
(19ml of 1.64M in pentanes) was added at or below -80°C and the mixture stirred for 
half an hour. This solution was transferred by cooled cannula (see figure 6.5) to the 
diketone solution and the mixture allowed to warm to room temperature overnight. The 
solution yielded a red solid on evaporation which was taken up in dichloromethane 
(200ml) washed with water (3x lOOml) dried over magnesium sulphate and evaporated 
to yield a viscous red oil, 7.5g, which was shown by proton nmr (figure A2.32) to be a 
complex mixture of compounds, see Appendix 2. 
e) On endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]undeca-4,9-dien-3-one. 
The title compound (lg, 4.5mmol) was dissolved in THF (50ml) under nitrogen with 
magnetic stirring and was cooled to -100°C by acetone-liquid air slush. Diethyl 
trichloromethylphosphonate (1.2g, 0.85ml, 4.7mmol) was treated in THF (lOOml) 
solution at -100°C with butyl-lithium (2.9ml of 1.64M) and the mixture stirred for half 
an hour. The ketone solution was added by cooled cannula at or below -90°C and the 
mixture allowed to warm to room temperature overnight. The solvent was removed by 
rotavap and the residue partitioned between water and hexane (lOOml: lOOml.) The 
hexane layer was dried with magnesium sulphate and evaporated to give a yellow oil 
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Figure 6.5. Cooled cannula apparatus. 
which was recrystallised from cold pentane to give endo-cis-6-dichloromethylene-
tricyclo[6.2.1.rY·7Jundeca-4,9-dien-3-one (500mg, 46%) as pale yellow crystals. 
Calculated for C12H100Cl2: C 60.00%, H 4.20%, Cl 29.14%; found C 60.21%, H 
4.33%, Cl 28.90%. Accurate mass, calculated (m/e) 240.010870468; found (m/e) 
240.01081. The nmr spectra appear in chapter 5 section 4. The infra-red and mass 
spectra appear in figure A2.33. This reaction was subsequently repeated but the result 
could not be reproduced. The compound readily undergoes the retro-Diels-Alder 
reaction and must be kept in the freezer; half of the initially-prepared material was lost 
overnight as a consequence of it being stored at room temperature in vacuo in an 
attempt to remove residual solvent. 
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26) Attempted hydrolyses of endo-cis-6-dichloromethylenetricyclo[6.2.1.02•7]-
undeca-4,9-dien-3-one. 
a) The title compound (lOOmg, 0.4mmol) was dissolved in ethanol (lml) and 
ethanolic potassium hydroxide (70mg, 1.2mmol in lml ethanol) was added. The 
solution became yellow. The mixture was stirred for 1.5 hours at room temperature, 
evaporated to dryness by rotavap (vacuum line through cold trap at room temperature) 
and the residue partitioned between hexane (5ml) and a solution of ammonium nitrate 
(lOOmg, 1.2mmol) in water (5ml.) The hexane layer was separated, taken to dryness as 
above and the residue recrystallised from pentane to yield off-white crystals, 85mg, 
which were shown by nmr to be unreacted starting material. 
b) The above reaction was repeated, but the basic solution was heated to boiling 
under nitrogen for ten minutes, allowed to cool and then worked up as before. 
Off-white crystals, 76mg, were recovered and shown to be unreacted starting material 
by nmr. 
c) The title compound (lOOmg, 0.4mmol) was dissolved in ethanol (lml) and 
concentrated hydrochloric acid (1 drop) added by pasteur pipette. A yellow colour was 
instantly produced. The mixture was stirred at room temperature for one hour and 
saturated aqueous sodium bicarbonate solution (5 drops) was added by pasteur pipette. 
The solution became colourless. It was diluted to 20ml with water and extracted with 
pentane, dried over magnesium sulphate and evaporated to yield pale yellow crystals, 
65mg, which were shown by nmr to be unreacted starting material. 
d) The title compound (lOmg, 0.04mmol) was dissolved in ether (lml) and freshly 
distilled boron trifluoride diethyl etherate added (5ml.) The solution became yellow and 
darkened nipidly. Water was added (5ml) and a black precipitate appeared which was 
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filtered off. The filtrate was separated, the ether layer dried with magnesium sulphate 
and evaporated to yield perhaps 1mg of an oil which was shown by nmr to be unreacted 
starting material. The black matter, perhaps 4mg, was insoluble in chloroform and 
acetone and further characterisation was not attempted. 
27) 1,3-Dithiane Reactions. 
27.1 The anion of 1,3-dithiane was reacted with endo-cis-bicyclo[4.4.0]deca-3,8-dien-
2,5-dione. 1,3-Dithiane (1.2g, lOmmol) was dissolved in dry THF (50ml) under dry 
nitrogen with magnetic stirring and cooled to -25°C by acetone-cardice. Butyl-lithium 
(6ml of 1.64M in pentanes) was added and the mixture stirred for one hour. 
Trimethylsilyl chloride (1.4ml, 1.2g, 11mmol) was added and the mixture stirred for 
half an hour at -25°C and half an hour at room temperature. Butyl lithium (6ml of 
1.64M in pentanes) was added at -25°C and the mixture stirred for one hour. The 
diketone (1.54g, 9.5mmol) in dry THF (50ml) was added by syringe at -25°C and the 
mixture became deep yellow. The reaction was allowed to warm to room temperature 
overnight to give a deep orange solution. The nitrogen line was disconnected and a 
particularly beautiful dark turquoise colour was instantly produced. The volatiles were 
removed by rotavap to give an orange oil, which on exposure to air instantly became 
turquoise again. The oil was taken up in ether (150ml) and washed with water (3x 
lOOml) dried over magnesium sulphate and evaporated to give a brown tar. The tar was 
washed with pentane yielding a yellow solution which deposited black "crystals" on 
crash cooling with acetone-cardice. On warming to room temperature, these "crystals" 
became a black tar which was insoluble in pentane(!) and which nmr showed was a 
highly complex mixture of products, see figure A2.34. 
27.2 Wittig-Bomer reaction on endo-cis-bicyclo[4.4.0]deca-3,8-dien-2,5-dione. 
1,3-Dithiane (1.2g, lOmmol) was dissolved in chloroform (25ml) and cooled to -40°C 
under nitrogen with magnetic stirring. Sulphuryl chloride (1.5g, 0.9ml, 11mmol) in 
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chloroform (5ml) was added by syringe. A white precipitate of the chlorosulphonium 
chloride formed instantly. The suspension was warmed to room temperature over 30 
minutes and stirred for a further half hour. It was cooled to 0°C by ice/water and 
evaporated at that temperature on the vacuum line via a cold trap to give an off white 
solid, 2-chloro-1,3-dithiane. Dry THF (25ml) was added, followed by triethyl phosphite 
(1.7g, 1.75ml, lOmmol) and the mixture stirred at room temperature for three hours. All 
volatiles were removed on the vacuum line via a cold trap. Dry. THF (25ml) was added 
and the solution cooled to -20°C by acetone-cardice. Butyl-lithium (6ml of 1.64M in 
pentanes) was added and the solution developed a deep red colour. The solution was 
warmed to room temperature and stirred for thirty minutes. It was transferred by 
cannula to a solution of the title diketone (1.6g, 9.9mmol) in THF (25ml) and the 
mixture stirred overnight. All volatiles were removed by rotavap to yield the crude 
product, a black tar. It was washed with hexane, in which some material dissolved to 
give a pale yellow solution which on cooling with acetone-cardice gave dark "crystals" 
as before, which on reaching room temperature became a gum, insoluble in hexane and 
which was not further characterised. 
28) Reaction of lithium dichloromethide with cyclohexanone. 
A mixture of anhydrous THF, ether and 40-60° petrol, 4:1:1 v/v (100ml, Trapp solvent 
mix) was cooled to -100°C. Dichloromethane (3.8ml, 5g, 60mmol) was added, 
followed by a pre-cooled (-100°C) solution of butyl-lithium (25.5ml of 2M, in 
pentanes) in petrol (25ml), added by cannula. The exotherm was comparatively mild, 
because of the pre-cooling of the base. The solution was stirred for 45 minutes at -105° 
to -95°C. Cyclohexanone (5g, 5.3ml, 51mmol) in ether (30ml) was pre-cooled and 
added by cannula and the mixture stirred for a further 2 hours at the same temperature. 
Chlorotrimethylsilane (6.5ml, 5.8g, 54mmol) was added and the mixture left to warm 
overnight. The solvent was removed by rotavap and the residue vac transferred and 
submitted for GC/MS. Two vac transfer fractions were collected; one coming over at or 
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below room temperature and the other requiring some heat to drive it across (vacuum 
0.01,mbar.) GC/MS indicated that the higher boiling fraction was almost pure 
1-dichloromethylcyclohexan-1-ol trimethylsilyl ether, (8.5g, 70%) a colourless liquid. 
Required for C10H20SiC12: C 50.20%, H 8.43%, Cl 29.64%; found C 49.93%, H 8.32%, 
Cl 29.25%. A white precipitate recovered from the flask was shown to be lithium 
chloride by flame test and analysis for chlorine, produced in theoretical yield. The mass 
spectrum is shown in figure A2.35a. 
29) Reaction of lithium dichloromethide with 2,6-dimethylcyclohexanone. 
The reaction was conducted as for the above preparation with cyclohexanone, but using 
7ml, 6.4g, 51mrnol of freshly dried and vac transferred 2,6-dimethylcyclohexanone. 
GC/MS on the product distillate showed a very complex mixture having over forty 
components. No 1 ,2-addition to the carbonyl had taken place, but there was evidence 
from the mass spectrum of one of the GC fractions that deprotonation at the a-carbon 
had occurred, with the subsequent formation of the trimethylsilyl enol ether of 
2,6-dimethylcyclohexanone. The mass spectrum appears in figure A2.35b. 
30) Reaction of lithium dichloromethide with benzoquinone. 
The quantities of reagents used to generate the nucleophile were as before in the 
previous syntheses, but the lithium dichloromethide was transferred by cannula to 
benzoquinone (5.5g) in Trapp solvent mix (120ml) at -l00°C. Instantaneously, a deep 
blue colour appeared. After stirring for two hours at -100°C, the solution was allowed 
to warm to -70°C and chlorotrimethylsilane (6.5ml) was added. The blue colour was 
discharged as the solution warmed above -30°C. The precipitate of lithium chloride 
was filtered off, the solvent removed by rotavap and the residue vac transferred and 
submitted for GC/MS. A complex mixture was seen, in which there was evidence for 
the formation of an addition product, but it was clear from the GC trace that isolating it 
was going to be impossible. The loss of a mass fragment of 83 (CHClz-) suggests by 
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analogy with section 28 that the 1,2-addition product was formed rather than the 1,4-, 
and this would be consistent with the low temperature of the addition favouring the 
kinetic rather than thermodynamic product The mass spectrum and GC trace are 
shown in figure A2.36. 
31) Hydrogenation of 3,5-ditertbutyl-4-hydroxybenzoic acid. 
Ten attempts were made at reducing this compound. It was discovered that the reason 
for the failure of most of the reactions was contamination of the hydrogen cylinder with 
synthesis gas, which made it impossible to reduce phenol even under forcing 
conditions. When the high pressure plumbing had been thoroughly purged and parts of 
it replaced, a new hydrogen cylinder permitted the ready reduction of phenol. The 
successful experiment described below was made following these changes and the 
conditions reported assume a satisfactory source of hydrogen and high pressure 
plumbing of good quality. 
The title compound was twice recrystallised from ethanol to remove trace impurities 
which had been shown by previous experiments to inhibit the catalyst, material used 
"as received" or after only one recrystallisation having failed to undergo reduction. The 
twice recrystallised material (7.5g, 30mmol) was dissolved in isopropanol (100ml) and 
5% rhodium on alumina (1g) was added. The mixture was introduced into a 150ml 
autoclave and hydrogenated with vigorous stirring by a Magnadrive sealed stirrer unit 
at 143bar and l00°C for 48 hours. It should be noted that no uptake of hydrogen 
occurred at 125bar at this temperature. The solution was filtered and the catalyst 
disposed of whilst wetted with water. The filtrate was evaporated and the product 
recrystallised from hexane-ether to give 3,5-ditertbuty/-4-hydroxycyclohexane-
carboxy/ic acid as a mixture of isomers in which the cis- predominated (7.5g, 98%) 
m.p. 192.8-193.2°C. Calculated for C1sH2s03: C 70.27%, H 11.01 %; Accurate mass 
calculated (m/e) 256.203844956; found C 70.45%, H 11.11%, found (m/e) 257.20662, 
calculated for self-protonated ion C15H290 3 + 257.21167008. The nmr spectra appear in 
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chapter 4. The infra-red and mass spectra are shown in figure A2.37. 
32) Preparation of Diels-Alder adducts. 
32.1) Adducts of benzoquinone. 
a) With cyclopentadiene. 
The 1: 1 and 1:2 adducts of benzoquinone with cyclopentadiene were prepared by the 
method of Albrecht[225l. 
Thus for the 1:1 adduct, benzoquinone (10.8g, 0.1mol) was dissolved in methanol 
(150ml) and freshly distilled cyclopentadiene (8.25ml, 6.6g, 0.1mol) was added. The 
mixture was left under magnetic stirring for two days. The solvent was evaporated and 
the crystalline mass recrystallised from 40-60° petrol to yield the desired product, 
endo-cis-tricyclo[6.2.1.02·7]undeca-4,9-dien-3,6-dione, (12.5g, 72%.) The nmr spectra 
of this compound appear in chapter 5 section 6. 
The 1:2 adduct was prepared by adding benzoquinone (54g, 0.5mol) to ethanol (1.51) 
cooled by ice/water, and adding freshly distilled cyclopentadiene (66g, 82ml, 1mol.) 
The solution was stirred mechanically under nitrogen for two days. The quinone rapidly 
dissolved and the solution became brown. The crystals formed were filtered off, the 
filtrate reduced to one quarter of its original volume, and a further quantity of crystals 
filtered off. Water (lOOml) was added to the filtrate and the mixture left overnight for 
another crop of crystals to form. The crude material (105g, 87%) was recrystallised 
from ethanol under nitrogen. M.p. 153-4°C, lit[2361 155°C. The proton and carbon nmr 
spectra appear in figure A2.38. 
b) With 1,3-butadiene. 
The 1:1 adduct of benzoquinone with 1,3-butadiene was prepared by the method of van 
Tamelen et afi2311. Thus, benzoquinone (25g, 0.23mol) was added to toluene (175ml) in 
a glass pressure vessel and 1,3-butadiene (15.5g, 25ml, 0.29mmol) was added by 
vacuum transfer at liquid air temperature. The vessel was sealed under vacuum whilst 
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the contents were solid and allowed to wann to room temperature behind a safety 
screen. Thereafter it was shaken once a day for three weeks. The benzoquinone 
gradually dissolved. The solution was filtered, the solvent removed by rotary 
evaporation below 40°C and the solid recrystallised three times from 40-60°C petrol to 
yield pale yellow crystals of endo-cis-bicyclo[4.4.0]deca-3,8-dien-2,5-dione, (21g, 
56%.) The nmr spectra appear in chapter 5 section 7. 
The 1:2 adduct was prepared by the method of Alder and Steinl2381, by heating for 24 
hours at 100°C a mixture of benzoquinone (21.6g, 0.2mol) with 1,3-butadiene (29g, 
47ml, 0.54mol) in toluene (20ml) in an autoclave which was sealed under vacuum 
whilst the contents were frozen in liquid air. The reaction produced directly a mass of 
creamy crystals which were washed from the bomb with the aid of methanol (200ml) 
and all volatiles removed by rotavap below 40°C. The crude material was soxhlet 
extracted with ethyl acetate and the solvent removed to give the desired product (30g, 
69%), m.p. 153-4°C, 1itl2371 154-5°C. The nmr spectra appear in figure A2.39. 
c) Isomerisation of endo-cis-anti-endo-cis-pentacyclo[ 1 0.2.1.15·8.o2.11.Q4.9]-
hexadeca-6,13-dien-3,10-dione. The isomerisation was performed according to Alder 
and Stein's method£2391. The title compound (lOg, 40mmol) was refluxed in ethanol 
(lOOml) containing 50ml of 15wt% aqueous potassium hydroxide under nitrogen for 30 
minutes. The solution was filtered when cold, the crystals washed with water and 
decolourised with charcoaVethanol. The endo-cis-anti-exo-cis- isomer (6g, 60%) was 
obtained as colourless crystals, m.p. 185-186°C, litl2391 186°C. 
32.2) Preparation of mixed endo-cis- and exo-cis- isomers of tricyclo[6.2.1.02•7]undeca-
4,9-diene. 
This mixture of isomers was prepared by the method of Alder et ai£2401. Thus, 
bicyclo[2.2.l]hepta-2,5-diene (68g, 75ml, 0.74mol) was heated in a 150ml bomb with 
1,3-butadiene (20g, 32ml, 0.37mol) at 140°C for 24 hours. The product mixture was 
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filtered and excess bicyclo[2.2.1]hepta-2,5-diene was removed by rotavap. The residue 
was flash distilled and fractionated on a Fischer Spaltrohr column, to give the title 
compound, (17.6g, 35% on the 1,3-butadiene) b.p. 70.4-70.8°C@ llmmHg. The nmr 
spectra of this mixture of isomers appear in chapter 5 section 1. The relative 
proportions of the isomers were best estimated by integration of the nmr spectral data 
and suggest a 6:1 ratio of exo-cis- to endo-cis-. The infra-red spectrum is shown in 
figure A2.40. 
32.3) Preparation of endo-cis-6,6-dimethoxytricyclo[6.2.1.02•7]undeca-4,9-dien-3 -one. 
This compound was prepared by the method of Farifia et a/[1941. Thus, 
4,4-dimethoxycyclohexa-2,5-dienone (1g, 6.5mmol) was added to ethanol (lOml) and 
freshly distilled cyclopentadiene (1.1ml, 0.9g, 13.6mmol) was added. The mixture was 
stirred overnight, the volatiles removed by rotavap at ambient temperature and the 
residue pumped on the vacuum line for two hours. The residual oil was taken up in 
ether (3ml) and kept in the freezer overnight, yielding yellowish crystals which were 
recrystallised from cold pentane to give white crystals of the title compound, (1.1g, 
76%.) The nmr spectra of. this compound appear in chapter 5, section 2. This reaction 
was found to be unpredictable for reasons which were never elucidated and it is unwise 
to attempt scaling it up beyond the 5g scale. 
33) Photocyclisation reactions of some Diels-Alder adducts. 
a) Photocyclisation of endo-cis-6,6-dimethoxytricyclo[ 6.2.1.02• 7]undeca-4,9-dien-3 
one. The title compound (600mg, 2.7mmol) was dissolved in pentane (lOOml) and 
irradiated in a water-cooled quartz tube under nitrogen overnight with a 60W medium 
pressure mercury vapour lamp with most of its output at 254nm. The pale precipitate 
formed was filtered off and discarded and the filtrate evaporated to yield an oil which 
was pumped on the vacuum line and twice recrystallised from cold 40-60° petrol (AR 
grade) to yield the desired product, 8,8-dimethoxypentacyclo[8.l.01.5.&·9.o4.7.rf·101-
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undecan-3-one, (500mg, 83%), as white crystals. Calculated for C13H160 3: C 70.89%, 
H 7.32%; accurate mass calculated (m/e) 220.109944512; found C 70.67%, H 7.22%, 
accurate mass (m/e) 220.10776. The nmr spectra appear in chapter 5 section 3. The 
infra-red and mass spectra are shown in figure A2.41. 
b) Photocyclisation of endo-cis-tricyclo[ 6.2.1.02·7]undeca-4,9-dien-3,6-dione. 
The title compound (750mg, 4.3mmol) was dissolved in pentane (120ml) and irradiated 
in a water-cooled quartz tube under nitrogen overnight with a 60W medium pressure 
mercury vapour lamp with most of its output at 254nm. The pale precipitate formed 
was filtered off and discarded and the filtrate evaporated to yield yellowish crystals 
which were twice recrystallised from cold 40-60° petrol (AR grade) to yield the title 
compound (220mg, 29%.) Required for C11H100 2: C 75.84%, H 5.79%; found C 
75.74%, H 5.64%. The nmr spectra appear in chapter 5 section 5. The compound has 
been previously prepared[2411. 
34) Attempted esterification of 3,5-ditertbutyl-4-hydroxycyclohexanecarboxylic acid 
The title compound (1g, 3.9mmol) was refluxed under nitrogen in pyridine (25ml, dried 
over potassium hydroxide and freshly distilled) with benzoyl chloride (freshly vacuum 
transferred, 0.55g, 0.45ml, 3.9mmol) for 24 hours. The volatiles were removed by 
rotavap (vacuum line pressure via a large cold trap) and the crude material examined by 
TLC (silica, ether:petrol 1 :4) which showed no signs of product formation. 
35) Preparation of vinyl E,E-hexa-2,4-dienoate. 
The title compound is known[2421 but the following is felt to be a more convenient 
preparation. E,E-Hexa-2,4-dienoic acid (27g, 0.24mol) was dissolved in vinyl acetate 
(130ml, 121g, 1.4mol) containing mercury (II) acetate (1g, 3mmol) and 100% sulphuric 
acid (0.1ml, 0.18g, 1.8mmol, prepared from oleum and concentrated sulphuric acid) 
was cautiously added. A brown colour was produced. The solution was vigorously 
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stirred and refluxed for five hours. The mixture was filtered, and powdered sodium 
acetate trihydrate (0.51g, 3.7mmol) was added with stirring. The excess vinyl acetate 
was removed by rotavap and the residue given a flash distillation prior to being 
fractionated on a Fischer Spaltrohr column; the distillation flask contained 
2,6-ditertbutylparacresol as a radical polymerisation inhibitor. Vinyl 
E,E-hexa-2,4-dienoate (25g, 75%) was obtained as a colourless liquid with a pungent 
aniseed-like smell, b.p. 73-5°C@ 20mmHg. The proton and carbon nmr spectra appear 
in figure A2.42, the COSY and HETCOR spectra are shown in figure A2.43 and the 
infra-red and mass spectra appear in figure A2.44. 
36) Attempted Diels-Alder polymerisation of vinyl E,E-hexa-2,4-dienoate. 
The title compound (lg, 7.2mmol) was placed in a Carius tube (15cm x 15mm) with 
toluene (2.5ml) and 2,6-ditertbutylparacresol (50mg) as a radical polymerisation 
inhibitor. The tube was heated in a furnace at 200°C for four days. The contents were 
poured into methanol (100ml) and the product filtered off and dried in vacuo. Yield 
0.2g, 20% on the expected Diels-Alder polymer. NMR indicated that the product did 
not have the anticipated structure, see figure A2.45. Other reactions were tried at lower 
temperatures and for shorter times without improving on this result. At 225°C, the 
tubes exploded, other conditions remaining the same. 
37) Attempted allylic oxidations of tricyclo[6.2.1.02•7]undeca-4,9-diene (mixture of 
isomers.) 
a) Sodium chromate tetrahydrate (9.36g, 40mmol) was dissolved in glacial acetic 
acid (120ml) containing acetic anhydride (15ml) and the mixture was cooled in 
ice-water. The title compound (2.92g, 20mmol) was added and the mixture stirred 
overnight. The solution was diluted with water (500ml), neutralised by the addition of 
solid sodium bicarbonate, extracted with ether (200ml), the ether extract washed with 
water (2x 50ml) dried over magnesium sulphate and evaporated to yield an orange 
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gum, 1.5g. The proton and carbon nmr spectra are shown in figure A2.46. The infra-red 
spectrum (figure A2.47) showed a carbonyl absorption at 1735cm-1 which is 
inconsistent with the expected enone. 
b) The title compound (5g, 34mmol) was added to ethanol (160ml) and selenium 
dioxide (7 .6g, 68mmol) in water (lOml) was added. The mixture was refluxed 
overnight, the solution filtered and evaporated. The residue was agitated in ether which 
dissolved only a portion, leaving lumps of insoluble gum. The ether solution was 
washed with saturated sodium bicarbonate solution (3x 150ml) dried over magnesium 
sulphate and evaporated to give a yield of crude material of 5.4g. The proton and 
carbon nmr spectra (figure A2.48) demonstrated that it was not the desired enone. 
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Appendix 1. 
Spectra referred to in Chapter 5. 
215 
-·· 
I ·~··-IIIIII·III~IIJII .,, •• .. , Ill Ill ........... 
' 
I 
rt,h ,iJ j !.tlO J1li l'lb 
ll."'D .... ·!05.1 
" 
:ICO!S.4 ·.:tU 
'-"' 
l.!191 :.~00 ::~co 11021.4 
::?.D 
"" "·' 
160 HO !20 
11... ,. .... ... 11.4 
" 
IIC12!11.4 ·»1.! ~-· ,_,. 
.... ,_ .. 11021 •• 
, ... 
"-' 
... 
Figure Al.l 
216 
• .... . !I 1 ..... 
tet .~liJ·· /J 
"' 
·nt.t 
= 
Ill CJJIB!I<S OII.Y 
100 80 
-
-l21.1 
..... 
' i 
il L .. 
' ,, 
J4b II 
i 
i 
I 
I 
""""""'' 
• I 
I 
I 
I 
I 
I I I 
• il ,; 
,, 
--· 
I , .. 
,. .. . 
Ui"' 
Mw••• .. 
3l•tHI 
~ZRI5 
... "' 
........ 
ltBU 
BIOI 
---
~~uL=====::!:::.Llo___jl.......__ 
-------i ~-- . 
I 
0 ~ 
0 
-ru 
aD tP. 0 . 
a 
- ..... 
-tn 
0 
_:--i a§ C] ~ 11 0 
-<0 
a.. l 
a.. 
-
...... <D tn 
"' "' "' 
0 
Figure Al.2 
217 
:;,: 
"-
~ 
"' ...... 
I II I I I 
- ., 
~--~" 1-"> ....... "'""" "0 ru 
~ w ru - o ~ ro ~ m ~ ~ w ru n 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
f-1-L.L.JJ.l.J.LI l W.Lt.Lt.l J_ Li II I tl.J l..J J.l.t I I...J LJ.LJ.l.Lt LLI.L.t....J...J......LLLL.i....LLt...J .J lll.J.LJ t:L":t ,, L 
~ 
-t 
I 
! 
• 
,c_----m 1 + .I 
"' ! 
l 
U1 J 
I 
.; 
! 
-! 
~ 
~ 
.;_ ~ ,, I 
-------
, 
-o -' i n ~ 3 I 
-, 
w I -~ 
I 
l t ' 1 
----- ~ 
ru -, 
~ I. 
~ 
_, 
i 
~ 
I 
' ------ --· 
"1 
0 -~ -----
Figure A1.3 
218 
N 
-\0 
"T:: ~-
> 
-~ 
all48 
01'2 PI1.SE SEUHCe API 
DATE 07-24-91 
SOLVEHI toa.3 
FILE 
APT PI1.SE SEIIlEICE 
DBSai'IE CAIECII 
~5D.211911tl 
II'ECTIW. MIDTH 11021.4 HZ 
AU. IIIE 0.1198 SEt 
IEUXATII* DfUY 1.0 SEt 
£YllJJlll* DfUY 7.0 IISEt 
PI1.SE MIOTH 90 DE&IEES 
flliST P11.SE 180 DEIH£S 
DATA PID:ESSIIII 
LIIE IIADAIDIIII J.D HZ 
FT SIZE 32l 
TTr-t n·:rr·TTTTTIIT 
120 !00 
·-rTTTr-rrryTT-rrrn-rTJO-n-~-
40 20 ?P~ 0 ;:: 
Cll!48 
EXI'l Pll.Sf Sf!Uia: DfPT 
DATE 07·24-91 
SILVENT Cllll.l 
FnE 
DEPT PILSE Sf!Hia 
IIISERVE CAIIIIII 
F1Eil.El£'f 511.28!111U 
"T1 SPEtTlW. OIDIH 1102!1. 4 HZ 
-· 
Atll. TIME 0.!1911 SfC ~ lnAXAIJIJj DEUY 2.0 SfC PILSE OJDTII 9D DEGI£ES J 1411HZ 
> AIIIJENT TElf'ERATIIIE N 
-
Ill. IEI'ETITJIHI 64 
N iJI IJEW..R.E PADTIII 0 Ulf PCIIO 20 IB 
Ul.ll-1& ICDLITEIJ 
IIIB..E PI£CISIIII ACIIJISITJIII 
DATA I'IIDCfSSIH8 
UME IRWIENTH8 2.S HZ 
n SIZE 321 
TI)'Ti-1-r··r·r·r·•·rT ·1- r· 1· '·1-'!'" ·1··r ;-r·r~l· i ,- r· r·1 ·r·; 
200 :Bb :co . 
§I 
s 
I 
I 
~51~ 
~~8 
~'r 
CH CARBO:iS GtiLY 
11!~-~;jj lii~P!i ·a 
. 'li. ~II 11 
r·r 1 ·;··rrT J"lTT'I''l ·;"I rt-TTTTl"j Tl r'l''j"T ;·TITI' I J'l'] 'I"TT'T"[T'lTT'f.l'l l'I'I"TT'T'TTTrlol''l"rr·r;-1-rrr~ 
' ' ' • I :~o :20 :oo eo so .;o 20 PPM ~ ; 
~ 
-
'Tl 
~-
> 
-0\ 
i.J S.:j ,1\(::01'1:; 
6: i . : 8 j . i ' 
·-·· ·T,r:·'T: , .. ,+: ;, · -:~··-·r. . I r'-'"+.:..:~ . . ...... --·-t-"·i-----1..: ... ~-·. :.... .. L.:: .. clc; i··' ··j I 
- .b~; '':! .~J t_j_L_L_:j'!.,_ ::" ' '' I rl ;cc 'jjfl: I . i !' + i"'f I ' ' ; ' ' 
, • :r! f] i: -· 7~~:~-~~ -J- -~~m~~r~~~ ~ :;!i!!'. I: •. 
I , i: 
, , , I . , . ·, : ... 
I I ' I i ' ' ' 20 . ' ' 
1
·-- J.""'"-r -- .: --- ___ .;._ ....J...; ...... -· ........ --:1- i •-! ... l . ·- ...... ~' v ,:~I·: : :. - . i- !- ; --~!.: .... :-... 1-- i :::, :'i I t· : ! ., :. - I I - l . ! ': ' I .......... , ...... ---r=~:-'-r--·-~- --·-i---:1---· i-· r- -+---. -- ..... .... ·J :".---- · ... :. ' · .. c ' I .. ·'I ! I I . :· ' I' . ' 'I ., ... 1 ... , ......... -=, ... .:...:... ... ...: ..... ___ , __ ·, .. ,;.........! ........ - ,,,,.' : . ... . . . ' .... ' I I ,... I . 1.:· .I ......... _: ... __ j__Jj.:...:.:L ........ _, __ .. L -·c..._ ... :_c....:..~ .. _j_ ........:_ ..... ! _ .. ·.:: i 
3000 2500 2000 1800 
WAVENUMBER (CM-1) 
I 
J 
I 
) lj 
. ! ~ ' 
::' 
j' 
·' 
I .... 
1 
.. 
. . 
I 
:.o 
I 
I 
i 
j_ 
ab ::: 
··I 
- ·-r-·-:·71-
ru 
.. :I· 
. ·.::! .. 
·' :! AJ. 
';/; lr ;~-H· 
::·i·l ~~ ~ 
I·-~ 
i ·l· 
,. 
il.Q ?.0 I·) 12 I~ 
·! 
! ! i ....... !. : .,I. i- j-\l\ . !_ -· 
1 .. ·j I !· . i !. ITi iiTI 
I· ___ i ..... 1
. ·+ ...... :: .. ::. I ·;-hi! r -~~r -~. I --1~-.l~_) ______ , ___ :;_~.(t'J'' i i~r:; I fi -+:- . -:-:- ·_ .' ! .·: : I ' I . : • . f1 ' I I 
· ::; i 1:: ;1 .!.i] i. ·:! : I i ~ . . :' . J:l,:~~~-·;;1;'.'! :!!; :::i ~W Iii I '_i f~l~: 
' · • ~~,- ""TI ·-·-~-: : r1 r-: I -'I ·. J >:- -:· ·:i: :!.,-·!iii:~· II I :!·1-J I 
:j ; LJ _;j I j_l!_ ·~! i1 •• -1 1H 4 I I. 
. : • 1 I •i I I I j • • i '' j., 1·1 
:::. 
·::·! 
·i.! 
:-:-~ 
;7] 
·:-j-!-. 
:ii:l.. 
·' 
- :·:-:r: 
~w 
; ; .. :: J :! I! " . i : i ; il ! iii 
, ~ V ~~ , 1 I ' : i r -·' -~ : .. , ' : 
. .. _·: " , .. ! ; :'!) .!:! jLd 
I . . I ' ' . I ' ' • . 'I i l!: "!..l' ~ ' '. 
· • : • '·1 1-, 111 ~ II j I .. ; I :·-'~--+ ' c,. '·/ ,- .: . . . 'i' iiiii'IIIIIJ hi· ' 
I ' I :-; 11; ; ;" ' -. 'i> :, ;; :~· itul!i ;),! Lf l•? 
. . , . . . . , r .......... _ ....... ! -:- . . I • , 
11 
1 \: 11 .. • • I • , , ... .:± __ . I i·· --L-,l:;:[S~c1r: ... ,· 11 ': -::. • -~;;;!-,,I ill 11:: :u~uJlEtE 
! 
I ' . . I '-l:•·:bY! :: . ~--':..' "'- 'iOoo·· ,_ . "'' 
----~-- -------·---------------- --.- .......... -- ....... ------~:~" «-4 ~~f.?~::,:~~~:-~:~~~~'=J~·~·~-- ----------------------
'oOO . '- . . .. ' .. L .. ,..,.- . , ---- - --~,~ ~'"!'.~'" I c~·'!_ SCAN "EEiil <;;; . .._---= 
.. --- -- -- SLIT )..) 
No 457-5001 ____ _ 
1 ! I I ! I I II I· II I· 1i 
-• --: -=--~ := -=--~ =:..:..=::_ 
·:-::. === 4 ~ 
- ml 
--=-
..J a 
_____ .. 
= 
---·= 
___ .. _ --· 
:...:_ --- --- -- ,- -_ c:-c --, . 
=-=- c:·:_. 
. ---· 
= 
.:..::.:..:. 
= 
= 
··- ----.. -· 
. ''--"'1· 
--· 
·-
·--.,----
-~. ..::.:.:. -
-=- = 
- -~. 
f t 
--
= 
--------------------· ------
Figure Al.7 
222 
N 
N 
w 
"T1 ~· 
> 
...... 
00 
C004B 
RUN ON Jul 28 91 
SOLVENT COCI3 
OBSERVE C13 
r--··-----·-··-- -- - -·----·--- -·---------------------- --·-----·----··- ··------ ---·- ---·-·- -, 
2 -i 
--==========1(ppm)~ 
50l 
~ 
50! 
701 
80] 
90 j 
100~ 
1101 
1201 
1301 .. 
I ~ 
~rrm I I I I I I I I I I I I I I I I I' I I I I I I I I I I I I I I I I I I rrrrrrrrrrr·n JTTTTrp"nTTTTITf'TTTl'rrTTfn rTl11TTJTT'rrrn--rtTTTTTJTI TT"f'lTi 
3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 
F ~ (ppm) 
COD 53 
RUN ONTSeBX2!R!8ENT 
SOLVENT CDCl3 
OBSERVE C13 
.. 
" m 
ru 
.. 
ru 
I 
0 
.. 
m 
ru 
.. 
ru 
I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
213.4 213.3 213.2 213.1 213.0 212.9 212.8 
I I I I I I I I I I I I I I I 
220 200 180 160 140 
Figure A1.9 
224 
I I I : 
12C 
-~~-·""--~ 
" " c: c: 0 0 
~ ., '-
~ ~ 
"' "' J: J: u u 
------
-
0 
"' ;: 
-; 
-, 
z 
0 
z 
:::l 
<r 
Figure Al.lO 
225 
___ j 
--~ -" 
" g 
., 
; 
u 
J: 
u 
--l 
" c: 
0 
., 
; 
u 
'0 
~ 
G 
c: 
2 
0 
'-
<> 
.. 
'D 
"" 
m 
-:r 
,_-, 
1!1 
"' Ill 
'TJ 
~· 
> 
~ -
-0\ 
-
C00-53 
RUN Oll Ju 1 II 90 
SOL'IEflT CDCI3 
?ulse sequence flock .J:. ~H~ - 2 ~c..J. (!) 
OBSEA'IE C 13 . 
Frequency 100.577 MHz 
Spectral wlath 19417.5 Hz 
20 Spectral wlath 696.6 Hz 
AcQuisition time 0.053 sec 
Relaxation llelay 1.000 sec 
?ulse "':i.dttl 13.5 usee 
t.mc ient temperature 
HO. repetitions 256 
tlo. increments 64 
DECOUPLE HI 
High po~er 40 
oecoupler gated on during acquisi 
Decoupler gateo off ouring delay 
WALTZ-16 moaulatea 
Doub!e precision acqulsition 
OAT A PROCESSING 
Sine bell 0.026 sec 
FT size 2046 
Fl DATA FAOCESSitlG 
Sine Dell 0.036 sec 
FT size 256 
Total acquisition time 5.0 hours 
F1 
(ppm)~ 
-
-
-
-
1. 6-: 
-
-
-
-
1. 8-: 
-
:: 
-
2. o-: 
: 
:: 
-
-
2. 2-: 
-
-
: 
-
2. 4-: 
-
-
-
-
-
-
2. 6-: 
-
-
-
-
-
-
2. 8-: 
-
-
-
-
-
-
3. o-: 
: 
-
-
3. 2-: 
: 
-
-
: 
3. 4-: 
! I 1 I I lj I I I JJ0~~l_ __ j __ j l_j J t_ 
·- ~-·-- ··- --·--· . ··-·. --
fl • 
tb • 
• 
~ j 
& 
' 0 ~ IV 
j) ~ 
• 
' 
~ 
~ 
....,..-rr-rr;n-rf!TTifTrrrll•-nTTrl·rrp 1 1 1 1 ' • ' ' rrt-,-,TTT rrTrTrrf"TTT'Tli•'Tm.-,-rr-rrr,·rrt·,-.--r,-t·rn,-r-rrr-rr-rrl·t-,-p...,-.--rl.,..,-,J 
56 54 52 50 48 46 44 42 ~0 38 36 
F2 (ppm) 
em., 
.._.. c.. sea ca 90 
SOLYENT CCCll 
llBSEAY! c 13 
."1 f:----
(Hz) J • 
~ 
1 
5000j j 
:::::J 
1 
1 
20000l 
~ 
250001 
i 
300001 
.• 
4 ' I Itt .I ! 3sooo~ I ~ • ' ' ! 
J ! 
'"'""{ 0 0 ·-.-.-.-, ·~-~~T1 ,-~-,-,-~,-....,.~~-rT~-r-r~~~~C.,~~~~-r-rT....-.-,·~~,-rrrr,..,...,~,.,.-...,-,...-
em., 
IUf ON S.D Z8 90 
SCI.YEHT CDC13 
CBSEJM!: c l] 
200 180 160 
.-!--------------------- --;---
Ft l 
::::j 
lOOOOJ 
!5000 
20000 
I 
25000J 
1 
1 
1 
30000~ 
35000~ 
~ 
140 120 
F2 (com) 
u 
oo 
oooool.~~-...,-----no_~_-. __ 
~~~r 
52 50 "8 "6 
"" 
F2 focml 
Figure Al.12 
227 
100 80 60 JO 
.. 
Ofl• :too ~ oe ·ot> 
00 .. 
0 • 
J2 "0 38 36 3·: 
--
-
-
-
-E 
Cl. 
....,Cl. 
ll..-
-
I 
l I 
-
- -
-
-
. 
-
l (\J (T') 
Figure A 1.13 
228 
-
-
-
-
I I I I 
tO 
f-
f-
r 
I-
f-
f-
I-
f-
I-
0 
...,. 
0 
tO 
0 
(l) 
0 
0 
0 
ru 
0 
" 
0 
tO 
0 
(l) 
0 
0 
(\J 
'E 
Cl. 
E 
(\J 
ll.. 
..,. 
..,. 
fD ·-e 
..,. c. 
..9-
1\1 
u. 
CD 
..,. 
fD 
an 
E 1\1 ..,. fD CD 0 1\1 
..,. CD 0 1\1 ..,. 
c. ni ~ a. ~ ~ ~ ~ 1\1 1\1 1\1 1\1 1"1 1"1 1"1 
u.-
Figure Al.14 
229 
N 
w 
0 
"T1 
-· ~ 
> 
-
-VI 
CDO !18 
llfi ON Nav 18 111 
BILVENT CDC13 
OBSeRVE C13 
F1 
(ppm 
2.9 
3.0 
3. 1 
3. 2"1 @ 
© 
49.6 49. 4 49. 2 49. 0 48.8 48. 6 48. 4 48. 2 48. 0 47. 8 47.6 47. 4 47. 2 
F2 (ppm) 
Figure A1.16 
231 
(TJ 
CD 
..,. 
O!ll!n 
II!IIL"g ...,.__ 
£01L"g 
"' 
s J; 
.. 
., 
:i. iiHz ~ 
i ~ .. ~~ ltli!il wz·t- } 
Figure Al.17 
232 
: 
' 
u -S~ ~~~ 
"' Q. Q. 
~ 
BI'N-
1-
0 
~--~ ~ 
I; 
-··-
:;; 
1- ~ 
hl 5 g 
... 9L""\_ 
llrG'U-
!lUI' u ..J"-
1---g 
I I 
1-
-~ 
Ill ! i 
r-~ 
!ll.-t21- -----------"~ 0 
N 0 ~ 1-
• 
Iii 
~·m- t-0 l: :; 
! E .. 0 IIi 
f-
r~ 
f- a 
.. 
' 
! § 
ll-~ 
~ I i I .. :~ =i ,.: 1- .. 
0 
118'1111 - _____; 
0 
'-N 
Figure Al.l8 
233 
Appendix 2. 
Spectra referred to in Chapter 6. 
234 
• 
·-
- .- ( ; 
·L-J J \ u L--
l J 
i J u j 
'--
''" 
Figure A2.1 
235 
,, 
?&IKINeu&f 
100.00 
IT 
not 11 
p .. k 
~ 
700.0 
c• ... 
I I 
,.,.. 1... Ull 
~ ~ ::; ~ .i - ~ -= I 
I 
, I .~1'~----·~------~----/------------~~~----
lfG 1311 
I 
... 
CD 
i 
.. 
o.ooJ-----~----,------r----~~----~----~-----.------------,-----~ 
4000 3!100 3000 2!100 2000 11500 1000 
91/12/13 20: 41 
~ 16 scans. 4.0cm-1 
FigureA2.2 
236 
188 
95 
98 
9S 
88 
75 
78 
65 
68 
55 
58 
45 
48 
35 
38 
25 
28 
15 
18 
El• DCS2178 xl Bgd=S6 12-KIPJ-91 12, 18+8'83'59 711[ 
Bpft=l51 1=18\1 Ha=388 TIC~ Rent' 
rR3 lftSEC PT= t 
Sys 'IICCIIRSS 
123 
c.t' 
I I I 3 
12-NOV-91 12,39· AVE r•port on c,ocs2 
AVE c,DCS2160-9S,OCS2A,OCS2R/U 
W DB WIN FW ~M HM !NT PM! Scans 
NO SCAN FIX 100. 233 243 01 1 36 
Window lnt Ill 
1 6!5.89 
2 !5. 77 
3 11. 01 
4 84.31 
5 66.38 
6 100.00 
7 10.37 
8 2.93 
Av•rage Standard 
"•'' 
1aau1· SO<aaul 
242.98!5!56 0.02 
241. 02756 10.62 
240. 12!578 4.91 
239. 11999 4.03 
238. 11337 3.81 
237. 10461 2.79 
23!5.98991 4.64 
233.02646 8.78 
OPvlatlon, 4.9!5 
Figure A2.3 
237 
SOipp•l 
0.07 
44.0!5 
20.45 
16.86 
16.01 
11.76 
19.68 
37.67 
20.82 
Tl•• 
8703. 12 
8983.60 
9113. 46 
92!59.03 
9409.24 
9!592.37 
9719.67 
101153. !53' 
•XII•I 
Contruuuons 
36 
36 
34 
36 
36 
36 
36 
38 
HIIR' 
IIRSS' 
Xta•l • 
65534888 
193 
I~ II/HI- !liDO I!ID leD<> 
\ . ~ .. ~~ •• -.... £.{ 
·J.· ,-;~ .. ·t!? :· .. ~~ .. · 
:. :-·::·•T"1f.- .. •· -- ~ \ ~ 
... :::- _ ... ::. ... _·:::.: ·--~ 
:.:.Ji_ 
- -c-( . :, .. 
DCIISII5t xl llgd=l 12-.Jil-88 16=4•8=88=39 78[ El• 
llpll--1 1=6.9u 1111=449 TIC= 135959888 llcnt: Sys:l[[ Ill: 45194888 
D.CHIIII PT= 8' Cai.:JIFI IIISS= 119 
188. I 9 
98 
88 
111 
68 
58 
48 91 
38 
11& 28 li4 
11 J II 8 J.lt 
48 68 88 188 128 148 161 181 288 
DCIISIIIS. xl Bgd=ll 12·.11. -88 16=4+8=81 =21 111[ Cl• 
Bpll=8 1=18u 1111=448 TIC=I28645888 Rent: Sys:l[[ Ill= 27334888 
O.CRIID PT= 8' Cai.:JIFI IIISS= 165 
98 
88 
111 
68 
58 
48 
38 
28 I 9 
18 
8 
48 68 88 188 128 148 168 181 281 
Figure A2.4 
238 
1:· 
i-· 
· ·~ .. t;.~~~~~. rf:r.·i;, 
!: .... ;.·.,;-~:.~ .... 
·.! 
-·~·~ .. 
t: .• j 
.. •. . .. ·: 
. :c,!:i~r·1~~~~r T:· I 'ri ,!· 
:·-~---=-··+:..·:· .·; ~- ·- -~ 
~ . 
· ...... ;~..:.: 
'\ ===-~-=~=~~ .:~:._::~.·-"::.::::= ·.: .. '· ... 
.. ..; .... 
' -i::·=l_:·::·~; =r.· .. 
. T 
.. 
Figure A2.5 
239 
~ .. -. 
,:··f ~ ; ;.. ~ . 
,A··-r;;:•: b":; ~· 
:;-'i 
··\ . 
. • · .. ~. 
-
';,. ... -
... 
"' 
"' 
i-
Pt • 
--~J~. 
lt5~8 
. i 
'-'1'"-u ,- ..... """~ J'.J 1 '··~- JJ:U1UUU lit. Ill 1'1~ 0..!1UU ..................... 
ti£: 229' Cat 'tfK iiRSS· 51 
188 91 
95 
98 
85 
88 
75 
78 
65 
68 
55 
58 
45 
48 
35 
38 
25 
28 
15 65 . 119 
18 
" 
I. .I. II 'l 
58 188 158 288 380 
IJCftSZ1946• x1 Bgtr-936 2HICT -88 8H•8' 16' 49 78£ C1• 
8p11=8 I=BIIIiau "-=184 TIC=12487888 Rent' Sys'Cilllll ~' 5889808 
GC= 19~ Cal 'PrK IIHSS' 91 
188 91 
95 
98 
as 
88 
75. 
78 
65 
68 
55 
58 
45 
48 
35 
38 
25 65 
2B 182 
15 
18 
.l1 ,!,, .I 
·''· 
I ,,1. 
·" 
58 188 158 288 388 
FigureA2.6 
240 
:.:'0~ 
..,IJH '-II ,-,.g ,; JO 
:1VfHf t;OCU 
:..d:!fMI!! H1 
,;h(GI.Jfloi:T .Ht.~-2 ~ 
::R!CTAAl. Ill lOTH '5000 • .., 11Z 
lQ;,UI5ITlClflll TtJI! 3.74 .. !te 
ltfl.AA.ATIClfllll.lfl.AT .,;..ooo ... c 
P\A..:!I! llllOllf ~.o •ate 
,_llHT rEMPEAATI.III 
HO. fofPITlTIC'MS Ji 
.:.01..8Lf. PRICISIOII AtOUlSITlCH 
U.AT& F~!SlNfi 
n nm a~ 
fOUL ACWISUICN TINE ;: .a1nutt1 
11 10 
:<8SERVf Cl.J 
FAECI.ElCT 100.5n MU 
9I!CTRM. wront c~ooo.o tt.1 
JoQIJISITtON 1'IIC 1.19'9 tee 
IEL..UATIOH oa...u l.ooo 'ec 
P\LSE I.XDTM 8.0 UIIIC 
... lfHT TEtftRA T\R! 
HO. REPETITIONS 1024 
OECIII.I'U HI 
kiiH POER 4.i 
OECCIP..fR CCifl'DU:IU9L.Y' ON 
IUIL.ti~tt!i ICDUTED 
DATA pqocf5!D5 
lii.USSIM AIIODIZ.TlOtl 0.100 HC 
n srm 655311 
TOTAL ACGUtsmCII Till! 71 atnut .. 
160 140 120 
l2.~ 
,---
1 ( 
!GO 
Figure A2.7 
241 
3 
34.0 
80 60 20 0 PD· 
.Ui ~tl 
,;tw utt F~o J •)V 
~OI..'I!HT :CClJ 
\#l;ll;Eo1YE;:"I:.J 
Fh!t.L£11CI ::/t>.~d .... : 
.PfCTRM. dOTH itoitit.:: O"t! 
u:IOIJI2IHOM HN! .;.::J :-t·: 
r.c;I....I..UIUCoN LEU.f 4."'-"' liC.: 
f.U...SC IIIIOfH !.O ••IIIC 
.uelfln TfMF€FiloniRf 
~10 • ..CHTITIOJ13 t:4 
0:.4U AAOCE!Sirti 
i4IJ.;3UH &PClU!A~J:c.N ~ . .:~., 1""" 
rr ";IZE ~5.il144 
:0141. .t.a.UI:UTI:.H riME ~ .. II"N~U 
6&.12 
IT 
not a 
peak 
~ 
700.0 
c ..... 
91/12/13 21:06 
~ 16 scans, 4.0ca-1 
Figure A2.8 
242 
"! 
D 
• ,.. 
... 
I 
.. 
CD 
... 
• ... 
188 
88 
68 
(8 
188 
88 
28 
DCIISZ8fl4• xl llgd=l I-IUIY-98 15 2S•UI '82 78[ 
8pft=8 l=IBY H•=674 IIC=I8JS657824 Rent' 
DliHCIIH PT = 8° 
,. 93 121 167 . 
185 
~5 75 
5} 
\' 
31 282 
! U. j 1 .J ,l 
188 288 ]88 488 
DC"S28fl8• xl 8gd=6 I·RRY-98 15 26•8 8Ll8 78£ 
8pR=8 1=3.6Y Ha=688 TIC=I2828588U lltnl 
OIJHCRH PT= 8° 
IIi I 
281 
fB• 
SysofRB 
ra-
Cal lil YIIIHY 
588 
Sys,ri!B 
CaULYIRIIY 
288 380 488 ) 588 
0 
688 
-,--~---.--.8 ~-,-- ·-· r·- ·· ·· 
PI 
IIJ 
.. 
CD 
,.,_ 
. -- ·-- --
···- --· ·--- -'·-:- ,..-- --
Figure A2.9 
. - e:..- --..:.-:... -·-:· --
-.--·-
... -·-· ----~ --- .... 
·-- --1::·:-':· :o-·-1-'·.:-:~~-.f':-"'··:::··E~.=:--. ~-~.1 .....,-
--· --- --- -----
243 
JBB 
780 
r.-
... ~= 
--· ~~ 
655340UU 
16l 
800 
HIIR 2352UUUIJ 
1\RSSo 161 
800 
tD 
-ID ··--
CD 
--~ ---· 
'TJ ~-
t ?; -0 
Title 
Run File 
Method File 
Sample ID 
DCANAL 
C:\STAR\HODULE04\DC003.RUN 
c:\atar\dur1.mth 
Manual Sample 
Injection Date: 19-AUG-91 3:02 PH 
Operator Number 1 Detector Type 9065 
Workstation Bus Addreas 4 
Sample Rate 2.71 Hz Instrument Varian Star 
Channel 14 c 254 na Run Time 34.971 min 
~********** Varian Star Workstation eoooooooooooooo Rev. c 08/20/90 oooooocQ 
Chart Speed 
Start Time 
0.46 em/min 
0.000 min 
3.318 
Attenuation 
End Time 
a ao1 -~ 
---- 4.399 
7.094 
- ,--
251 Zero Offaet = 1" 
34.971 min Hin I Tick G 1.0 
<Wla16.• 
24.4 ' 
<WJ=32.' 
,_, . 
.. 
i 
DCIA 
20.0 
coo (971 ENDED: 09/20/91 14:. 
OUAI. CHROMATOGRAM 
18.0 
~ 12.0 
B.OO 
~ 
~ 4.00 
IB.O 20.0 
RET VOL (ml) CIK QRIM.I TOGRAM 
a o 
3.: 
l.~ 
31111> 
: :- ~ ... ~ -: C.! 
JJ) 
"!" 
' ~!:::0 ___ ----- 2o0o --
:=:-tC~NTRAr:O;-.& 
;::;u ."'o\TH 
:-=~~=r-~c:_-
130:) 
.:~::::::1':: 
•• 
Figure A2.11 
245 
[. 
1.0 
:.o J.~ 
. .. :.. --~---L.-_L 
• I I ,. 
. r-
' 
. i=o /t1lO 
\¥ .t, VEl'IUMiii~ ::.\' 
0 0 
__ !_ 
BOO 
Sc.u< SPEED ___ _ 
• SUT _____ _ 
,--------
1 No .J51 - !001 
----·-;ic..:.N:i.'tf!O __ _ 
:ur ____ __ 
95 
98 
B5 
88 
75 
78 
65 
6B 
55 
58 
45 
48 
35 
38 
25 
28 
15 
Cllllilll4t 
llpll=l 
O.CRDD 
•XI't 
v 
100.00 
IT 
nota 
.... 
mg] 
700.0 
c:ll-1 
xl llgd=l 7-llt-98 
1=2.3u Ha=282 TIC=31131-
6B 
39 55 
51 65 
15:47+8:.:39 }8[ 
Rent: 
93 
81 
87 
Cll 
El• 
pt: B' 
Sys:III 
Cai.:Pfmt 
·I 
I 
• 0 ai a .. 
.. . t= .. 
I 
.. 
1 
.. 
~ 
I 
.. 
HJIR: 
IIRSS: 
I • ... i& 
1"·.;. 
0.00~---,------r-----~----,-----~----------~------------r-----~~ 
3000 211110 
91/12/13 20: 22 
X: 16 scans, 4. Oclll-1 
Figure A2.12 
246 
14761888 
68 
T 
..... 
PU.I. /U./uet'VW.Oti.......,.U~~at.taMSNKII.f10 
JI.WCIIOiclOIO 
a.>arCDW 
_c,. 
,,..._,. tOO.~ )ttl 
!PectHl waftll i90G.o H:z 
aceuuuu.a tt• t.tn MC 
AtleutlOII oeJay 1.000 INC 
~ln •t.U 1. o uaec 
....... ~
*· r••euu- soa4 
IIICIUU HI 
"' .. DftW' 40 DK_l_. CODttlluouel'r an 
liM. TI-ll _..latd 
CID&IDJ• Df"ftt••• __.utuon QAT&fiAOCDSDI8 
LiM ~tnt O.IIQ 
"••z• uson 
Total KQUUUlaft U• 71 •lnUUa 
I 
~ 
i 
:~o :Jo ~20 !!0 
.. 
-~ 
I 
I 
:co 90 
Figure A2.13 
247 
_ .. · 
'-----~---- ·-.. 
s 
... 
~~~ 
ii ~ 1f 1 
I 
30 70 60 50 ~ 30 20 10 P' 
_.__ 
...... _ ... 
--
---IU I 
--
---
--.---·· ....... 
--·-
--.. - . 
..., __ _  
, __ 
... m. ... -
---me,.._.., 
--
__ .... 
... 
Figure A2.14 
248 
! 
\ 
! 
I 
~-
! •  I I 
..... 
l'tt.l /u.f'~II~...Wo--.a..tld 
IIIIGM-2151& ... _.._ 
- .. 
,.....,.,. ___ .... 
...... 1 •t.U. 11000.0 HI 
~latlton ... 1.744 .. 
.. J ..... :t.• .1., 0.000 -
~llie •t.ftft 1.0 ~ 
T...,...ta.oo.e. G/·UI.&I 
MI ...... uu- :1.211 
0..111 .. uaan ... -."s. Qt.TA PADCIIIlNI 
n.ue-
ToUl -.aHI.&t.l ts. 7 ~ 
4.0 3.5 
74.17 
...... 
,..~~.u/~t.tld 
----·fl .._ __ 
-· .. 
50 40 
l 
3.0 2.5 2.0 1.5 1.0 0.5 O< 
..... 
.... .. ... 
~· 
35 20 15 10 
Figure A2.15 
249 
d 
. .::047 
;:;. .. CM feO d 90 
;"-YOT CDCIJ 
..6~Ht 
fAffil£tCY :.-99.!1"..2 le1:Z 
:OPfCJNL llllQlM '!1000.0 itt 
I.UKJl:JlJitJI fiJI! 3,744 :t•C 
;t(L.UAfJCM D!U'f 11.~00 sec 
Pli.SI! 111Dnt !.0 usee 
... t!Nf J!MI!AITWI! 
NO. f.UIITITitl«< lZI 
o...OLIIl.£ UII!!CISICII At4UISITI:JI 
CATA HO:f!SINII 
FT 3IZ! ~ 
;or.u.. AoCIJJUITION rM 1 •uawus 
•:DJ 41 
6 
O.ll 
Fll.! /• .... /ll_.it/.,_S/Y,_,-,'!/Oita/CGII47cUll. r lei 
r.Dil CM , ... tv w 
.:CLYOIT a:cll 
::a:s&IY!CU 
,li.!fii.IEHCT IOO.er. 11111 
91KTIW. llltDTH :~ooo. ;; HJ: 
&CGUtslTtON roe t.l:.tl :~ec: 
A!l.J,.UJllll DELAY !.GUO JIIC 
fllL!E llllDTH e.o usee: 
AIIIIWIT l'DRR&TtA 
HO. r.aanrn~~es so.z• 
iZCI>I'\1 "' 
"''"POllOI Q DICCJLIIt.DI ctlfTlMJOUSL y :;M 
IW.n·te fGl1.ATED 
CATA ~IMi 
UUSILUI .¥'CIIIU.JIII\I 0.100 MC 
n Sr%1.6!!311 
TOTAL ACGUUITICII JU. 71 •tnd.n 
. ~ . ; ~ j j 
I j_ 
' ' tee 140 130 L<0 ' I !C :co 
Figure A2.16 
250 
"0 
~ 
!! 
~ ~ 
.... 
0.09 
-< ·.: 
~~-
~ 
I 
80 !C. 
3 
i 
~ 
i 
I 
t 
. 
i 
I 
I 
' 
.:c. 
~ 
~ 
I 
s 
8 
I 
.I 
~0 
i 
' I
. 
~~ 
• J 
I 
I 
~i-
t7: J!~s~~ii4 
,f(?(,P 
1 
30 20 10 PC 
: ~I 
_I 
.,.. 
0 
-
• 
i-
~ 1 
I ..: I 
-~ I 
<t-1 
=I 
Figure A2.17 
251 
.... , 
. , .. 
--··-·· .... 
. ~., .. ' .. 
~_;::.; 
___l..l.ol,ul 
: . .: 
I liDO 16011 IG liDO 
i=-_-__ ~<_~>_;._J_· --------lltMAIJ<S ~-----------~~ . 
~ ~ ~ ~ ~ ~ ~ ~ liDO 
WAVENUM&ER ICM.11 WAY!NUMIEI ;eM·!~ 
I SOlVINT lii\,r _J_.;_·--------IItMAIJ<S ~ CONC!NTIAOOH _ 
jau. '"''"----··-----------
/Rmll!HCE 
-•··t-<£--, ... . .., -l -1 -{ -i ._, -f-' - -----..,------
Figure A2.18 
252 
·- . .., -1- ( 
f1."'li; :~ .~~~ 
·~~-
·:::;c.:.::-~' :~~ 
..... 
.. ·.·:-: 
DPI ..._.. tbaBI:Z: SUD 
DATI 01-ta--
ODI. eiCI2 
'IU CAIIII 
.;&!IAVI~ 
~C12111:Y 7'!.431 11HZ 
~·umt~Hl 
.a~. 1'DII' 11.a ld!c 
r.m....urn. CEU1 t.,; ~tc:_.,.., ..... ...;~ 
:m.~ 
li ::~,:~~ ----~~ 
N 0 s 
~~~~~~· ~~rrn~mTnnnnmTnnrrnTrr""nnTm~ 
CRCS31 Pa.MIU1l:::M 
•nMfl.lP~a.:.; 
CDIITAQ 1'DII I.J III;U!&; 
9PDI RAn! NDO ltl. 
aP«<IUTICN Tt'le'·;..-,.!T»>T ;,;I J 
n lUZ • 
"""" _. 
_, 
'JO 
...... ..- ..... 
DATI~~ 
DEArrr IJIC:t 
'n.z CAIIJU 
.i;:!ft'I!:~:.JI 
'"'.!,;.:~1:1 :"!.4-:S 'h! 
·.:.1"::-;;...r... .. ;;r., .:~=~ tt: 
o.;. ::.\fi!J . .:i't!!<; 
•.'?-.. nr:::l .. !l..U 1.. ·:; 
.ft:!:J,;:u.ootUU:.M 
.::1u.:r :':'1!: '!.~ .. ..ec 
,.~, -..uz !".u.l ;,: 
J :"7:!'!: ·;::i!TANT ; ... : ~ 
·:" ·:::: ~ 
I I 
300 
Figure A2.19 
253 
~ ... 
Protanated 
caroan 
Non-protanated 
caroon 
1 t k ~ 
I 
! 
I 
. 
! 
I 
i 
i 
I 
I I 
-100 PPM 
7.0 8.0 ., 
-~-- ;~ 
_____ o!Q___ __ _ 
- ______ :E __ ·-· ·--,--
······~· 
20 
______ ;] ______ --·-······-··--··-· -- ... _:o,.__-,--
-
-----:;DID;;;--·-----..l2111 ·-·liloO-- ~~------~,.o~---~--~,xo~--------~,o»~-------am==~----­
WAIIINUMIUICM"1l 
l~~noN--~_&r __ J_.;_-__________________ 1~ ~---------------------------. 
wAYINUMIEI ;c"" ·h 
-.1· 
' I -
l 
-------;DIDn;;---------~l2111mn----------~~~~------~,-a»;r------.MD~------~,~«a=-------~,~a»;o oa» ~ 
WAV!NUMUI ICM'11 WAYINUMIII :cM·I~ 
.,~~noN-~_&r_J_;_-________________ 1~ 
==---------------------------. 
Figure A2.20 
254 
L. 
-
_:;:::::: 
- -
--
! [ I ' i ; I 
... 
Figure A2.21 
255 
l:lpll=ll 1=~.)1,1 HII=Hii Ill:= 1~4}4BUIIII Rent: Sys:RCE HftR: 165920118 PT= 8° Cal :PFK1411 ftRSS: 121 lOB_ 121 
98 
BB 
iB 
60 ~ . I 155 I 
50 
40 
38 
20 1 
IB DC 
102 
8 
58 tOO 150 200 259 300 350 408 
ncns3t43• Ill Bgd=25 2t-HOV-BB 10:5+0:83:12 70[ .[J+ 
Bpft=B 1=2.0v H11=446 TIC=59325800 Rent: · Sys:RCE HnR: 12841080 i PT= 0° Cal :PFK14ll ftRSS: 121 i lBO 12t 
N \0 ! N lr) 
I 
90 ~ N 
<( BO 
a 70 
..... 
u.. 60 
581 I 155 I 
40 
30 
20 
to 
0 
50 100 150 288 258 300 350 488 
~i:.I:S 
..,.,, Ul f-,to ,, Jo~ 
::L."IEI'T::L:::;; 
.t:2ERVE IU 
i.=.e:c.t.IEliCY ;i~. r.:-2 .,z 
.;";;£CTRAL. •IOTH .,~;..,, • ..,, 
~t:.UI!!ITI:iH THE ? .. ·.1 ... ·~; 
...c:u •• u,rJ~ l.il.At ~.~~ .. ~:::; 
'"'..l.:;!•HOl'H.:l.:.·.He 
.'-MIUEI'T TflftR&TlfiE 
•IO.I.EIPETtTI:.USt.::3 
.;!Af: fi\£'=I:t;;N .t.::;:;I.!I:-:;:1 
CATA ~ROCE!9tl5 
n :.:ruce~ 
fOJ.U.. J,C:olJISITt.:tl T:ME 1 11n~~·' 
·:oo .. 
IUIONFtil 7~ 
C:a..VCNT CCCll 
~C:! 
7 
FiEQI..ei:Y tcu.::n »tt 
g~£CTR.U... •UOTH ..:!:COCI.!o ;u 
ACQUISITION TIJ!e :. 139 ,~ 
~riCoNLS..;.T.:J ... ""HC. 
PU...SE lllOTH a.u ;;sec 
Ale lENT mfi!RA TUIE 
rxJ • .:oEPETntONS ~:2 
1-ECCLFL£ HI 
HIIiH POIIIfR 4i 
OECOI.Fl.SI caMTlJrUiUSLJ ~ 
IUL.TZ-18 IIXIUTED 
l.llof& ~:!!IN& 
FT :iiZ! 6!2Ua 
TOTAL .t.CCI.IISITtCN TIJE ~ •uwt .. 
1 
i 
I 
.!!.J.7 
' 
'"' 
6 
·~ '. IZO 
Figure A2.23 
257 
loo 
_, 
:i 
~-
78.11 
I 
~~::~.~ 
s ~ ~ ~ 
)-.. 
\) 
' :Ti 
- ' 
'' ;; 
Figure A2.24 
258 
~<. F[OI ~ OAff 23~2-89 $F .133 
01 4189 . ... 
91 8192 
sw 2994.112 
•• 16 
02 3211.111 
UP UL PO 
L.8 1.1 
PPN/CN . H9 
SR 2854.88 
.. 
§ 
t 
• 
• 
·l-89 
li2. 896 
•••••• 92 
51.515 
•• 
11.111 
•• 
... 
•. 817 
7!.JI 
( 
I 
I 
I 
I' 
, I 
' 
' I 
I 
I ~~l 
'3 7 
• 
Figure A2.25 
259 
' 1 1 
-· 
~ .. : 
~"-
i 
I 
I 
j 
·• 
!i=·· 
IW t(fftffl 
~--
~·; ·,-
C!JO 60 
r:LE /•,trtu~rl/Yr'lrt:vn.-nlldet•tc:aae.IIOt.D. t 1::1 
"LLN l.lH s-o o 90 
-;CLYEHT COCll 
;aSERV£ Ht 
;"requency .:SI!il • .iei '*'it 
~DeCtf'll lfJIJtft !;:o.:, HZ 
.:.ccnu:utl:ln tl• .:~.7•• •ore 
•.il•altl.ln·Jii.>Y •. ,.,;:;; !'!IC 
;;._.Ill •l!JUI .::.~ ·-!•c 
:...aaant ~~:aaer't~•.u-• 
·:;: .. ·.,o•tt~tons ~~6 
--u.Dl• f•t'lt:: 1:1.on ..... u1.: 1 ~ :.;1 
-·""" r;:;oCl~:HN& 
.:r ·tu e!!ll!l 
~~~ll •c:NiJit!..::l ~:~4 :: .. ;un·1ttS 
-
-
"7 
~ .......-
1..::6 
1.!.!5' 
~eo 
I 1 
' 
..._,_... 
1.1'3 
r"ti..E ; o!t"/'IU'.:.;,:.=:. :.or'!Y!I Jlt•/:U~!':I'-':;. f; I 
.;·:H.:I:..;" . -·-
-~1.'/ENJ :;::::.! 
.6"3S'4E ··-'.::. 
.--... ,...ueroc;'l : ..... ·;: -...: 
·~•c~r11 •ll!.n ~::· .. 'l.~ :,: 
... :..r.UJl~~-!1 ~l..W !.: ... ~ _,,.,_: 
-'rih•-nt.:n liln .: .• j~ :•:; 
r"'"/l!l MI·Jtft "'-~ ._-iC 
O.IOtlnt. '.;~SIIIt"t'!.'.u"t 
·.: • . ·>tDiti'!:t..::n ..:;.•~ 
-!:::..:A...f i-ll 
·-n'll\ c::~ ........ 
.... couchr :~ntt:~·~uJh ;11 
•At..TZ-!6 ~di4Ut\11 
:~uDII Cr4t:U1Jn l:Jl.U.'~'!S~n 
;:,.~ou. ~,;;c.ce;;;~UI.:i 
._.;n .. t:r:!::.C11n1n1 •• : I'!Z 
'rUI£\An lCOIIUZltl~n 1 . .:.:.~ .>11::. 
•T !iU t.:IV72 
~~'!31 l:~..~U,'!l.:n ~~.:~.• .... ~ :'!Jut'J 
s:-
.......... 
~.liOI 
Figure A2.26 
260 
!/ 
-
~ 
r-
- -- ../ __. ~ l Jill 'iUL n '--r-"4 s 2.. ,_,__ ~2.U \.\Y.l ;.-o .. J ... 1-47.18 ll.:W 
-
,I, I l 
~ ~ 
·"' -i 'i ,' 
,I 11 
____ ____;l ~'--'--~----__J,Tj __ _.__.J~~ 
.. 
. , 
.~ 
• ,_ 
• 
I I ; ------~----·1...1 U--L.. . _______ 1', ___ .....,~ .... ___ .~.-...__'*-__ _ 
Figure A2.27 
261 
.:i 
-----
18CO 16CO :coo 
'VAVENU~~!R ~-~0.~. 
SOLVENT --~·---------·----· ·- ____ ; RE:·-·.-.RY..i 
:":ONCf,..TR,\TICN ______ - .. - ] 
CEll fATH ---- --- ! 
--------== =---' ~~!I<_E!<CE ---~ : 
~11132• x1 llgd=1124 B·IIHR-98 16=311•1= 15=54 711 El• 
.o 
:.:; 
-- ;;oo--
Bpi!--& 1=9.2v IF229 TIC=21JSB3888 Rent= Sys=CRIIII 
FR3 8.1 IISEt GC= 1811' Cal =Pfl16JIII 
IB 
BB 
68 
48 
28 
Figure A2.28 
262 
-~ ,trrJ • - 100 
.'·~~Y!~~~~~ c~·~ -
i 
SON ;;>EEO _____ _ 
No .. s; ·.:.:.JI 
Ill!: 
IIIISS= 
611l5J888 
189 
;a~!r<'le -: 
."'~1::::\j•nc·, ~n.;s2 :-:r.z 
7c•:~ral ~utn ~Jco_; "'l 
·~~·~ult::n u .. l.7~~ .. : 
~e:uau:;n lutr ~.:;:) "~ 
,;•ol'JI •Utn J,; ,JIC 
-:a011nt ~•••rt:Jt"l 
:1.;:., ruPttUlCn"J 1::a 
;,:,\j(oll Ot"ICISlOn tCQ:.nu: ~:;:1 
O:.t.r..:. ;:~OCESSI:-.Ii 
;:: JIU ti¥.;Mi 
rJ:U •c~lll111tJJn :::11 7 T,Jr..nt 
5.0 
CIID02 
JIMONOCtt2SID 
!lrL.V!HI' CDCl!l 
t8SDNE CUI 
4.5 
..... 
,,...quenc, 100.577 1ft! 
SDKtr•l wtlltft ;,ooo.o H:l 
~oc..-usuon tt• t. tsJI '" 
AlllPdton dllllf J.OOO IK 
Pul• •llltft l.l u1ec 
Aetent t...,.ltlll"l 
MD. repeuu. .. !!U! 
orauu "' HIQft~-4!1 
DKoulll_.. Clllllli'IUDUilY on 
IML..TZ-11 .-alated 
DDuDla D"Ctaton .cqutan.ton 
DATA PADCIDIN8 
LiM ~UIIiiO.IHz 
IMaUtM aooounuan 0, eoo aec 
n llJ.I tlt072 
Total ICQio!U1Uon U• 3D •tnut .. 
i ! 
1 r 
I I 
90 80 
4.0 3.0 2.!: 2.0 
:o eo 50 ~0 30 
Figure A2.29 
263 
1.5 1.0 
.. ... 
20 10 
0.5 
§ 
t 
I 
~ 
\ 
L 
pp. 
X tO 
.. .... 
........ 
........ 
OJ I\) 
........ 
co .... 
nL!J 
al 
::IN 
J!IR 
(IJ 
AL!J 
0 
n 
= I 
.... 
.. 
Cl 
0 
0 
.. 
0 
0 
0 
n 
511 
.L 
0 
0 
0 
1276.7 --=============-::: 
764.7-
Figure A2.30 
264 
... 
0 
MO 
-4• 
0 
0 
I/ 
(_r 
-
~ 
- -
f-
__; ~-
J.t _1 .JA. ...lA ~ .. j ~ _JJ· ,I ~ 1 oh. 
·:·---------,----,-----:------·--------..-- --.------ -------.--------------·--·~··---..--------· 
i 7 
' 
~ 4 :r 
c..,-.J 
:!0.28 4. 74 6.81 
4a. 39 76.38 133.29 
------.......... -- ... -- ·-----· ---- ............ .. 
____.; 
__/ 
U.~ 
-
z. 
104.95 
4.13 
-
tf' ... 
c...-..--
1\.C-4 
-M ~ 
~ 
t£: 
lr'l 
~ 
coo 63 
FILE /uer/uar2/vnrt/vnreye/deto/cdd9octe. f1d 
RUN ON Oct 9 90 
SOLVENT CDC13 
OBSERVE HI 
Frequency 399.9!12 MHZ 
S!>ectrel width !1000.0 Hz 
AcqutetUon U• 3.744 eoc 
RelexoUon doloy 0.000 oec 
Pulll Width 3.0 UOIC 
Allblont to!IPoroturo 
No. repoUUono 128 
Double proclolon ocquleiUon 
DATA PR0CESSIN8 
fT olzo 1!!1!13!1 
Total ecquloiUon U• 7 •tnutee 
L-. r -· _; L.. I - I 
I. 7! 
3.82 
L. 
!2. -o 
L 
.!5,6<! 
'-
13~09 :9.83 
=~. -s :30.-3 
LM'.Io~ (.41<, 
•.:. C2 
39.90 
M 
Cf") 
~ 
a 
...... 
~ 
\0 
\0 
M 
.. a 
3DOO 
::.:!::"'aeA 
) 
-HCiY-9(· 
.: l~ 
l.O 
~OLVI!NT 
:ONCENTRAfiON 
CE1J. :lATH 
':Ef!RENCE __ 
AV£ r•port .. 
;:; ,\IGlONS 
P&9f 
' 
Of 
C CAODACC 
c CADDACCIA0-1 OC. CADDA, CAOOIIIU 
OS WIN .. L" "" INT ••I SCI hi ; CONT Fl:.: 
"' 
170 250 14 6J 
\DO• ... n: ,..., . , .. _,, 501-VI SOl IU•' Ta•• Contr I DUtiOftl 
I J •• 242 00156 1. 01 ·- s.: 2!5619. 27 
" 2 27 240.01081 2. !18 10 74 2&240. 77 39 
0 &; 2:3!1. noaa 2. 81 11.89 27393 97 0 
0. 31 ::u. 19302 0.3!5 1.:11 28'57oe 75 2 
0 •• 223. ,23& 0.11 2. 74 10199. !52 • 0 9!5 218 .... ,. 0. 75 3 .6 lJU2. 64 JJ 
0 •• 212.18~3 a. oa 1.0 ]4475. &I 7 
0 0. IIi 211. JI02& J. 115 ,._ 87 l480l. 15 12 
9 2. Ll 206. 11124 2. 04 9.17 114.8. 71 3t 
10 l. I& 20!1. 11128 1. 0& !1. 17 1&71& 97 13 
JJ 0 70 200.11117 l. 02 1!1. OJ 114180.24 • ·~ 0 00 11!1. 1831J 0. 78 •. 22 43836 01 JJ ., 0 50 111.11!128 I. •• 10 .•• 4!113& •• 7 ,. 2. 31 171.17205 1.7! 9.13 41121 60 ., 
J5 23 !51 171 ,., .. 2 
" 
I !I. 4!1 41!507 Jl 
" 16 12.70 177. !7151 2.31 12.18 41112. 16 .. 
" " 
.. 171. 11714 0. 1!5 5.31 47281.0od .. 
I& 21.27 17!S.HH!S 1.21 7. 21 47173 40 .. 
.. lOO. 00 1741. H13a 2. 52 14.43 41014 40 .. 
20 II IO 173 11437 2. 741 .. 77 41411!5 01 .. 
21 2 13 170. 0117t 2 .... II. 18 50031 7J 31 
22 0 41!!i 170.01024 0. 51 3. 21 !50031. 41 2 
,..,. &t•n••ro O•w••tiOn. 1.11 ,_ 31 
Figure A2.33 
267 
l.O 1.0 a.o 9.0 10 
·------------------- ---
/Ill> 
I A "<~O:NU.'o\dER ..::.\ 
sur __ 
... 
~--------~=============-~ 
coo 67 . 
FILE /uoe/uoe2/vnme l/vnmrovo/dato/cdd5deco. f ld 
RUN ON Oac 5 90 
SOLVENT CDCI3 
OBSERVE HI 
Feequonc v 399, 9~2 MHZ 
Spocteol width ~000 .0 Hz 
Acquloltton tl""' 3.744 oec 
Relaxation delay 0.000 sec 
PUIOO Width 3,8 UOIC 
AIDblent teeoereture 
No, eapetltlone 128 
Double prectaton ecqulaltton 
OAT A PROCES9IN8 
FT olze 6~~38 
Total acqutattton tlae 1 11lnutea 
r--r--r--r-.--.-~--.--r--r--r--r--r--r--.-.--,-~--.--r--r--r--r--r--r--r-.--.-~--~-r--.--r--r--r-.r-.--.--~-r--.--r--. 
8 7 6 5 4 3 2 1 pp 
' 
9.48 30.34 111.86 2.23 57.22 
13.08 !1.11 42.16 4.43 
-.::!" 00 
('f") \0 C'i C"l 
< 
~ 
..... 
u.. 
a!'ii'' Oi;nl· :iys·Ciilll.l 
GC= 193' Cal 'PrK184 
188 
~5 
9Q 
u~ 
uu 
J• 
• J 
JQ 
55 
b5 
LU 
,, 
JJ 
)U lil 
~) 
~u 
j~ 
3U 
~j 
~5 
~u 
15 
10 
0Cft51211589t x1 Bgd=l583 2G·IIRY-B9 12'2•8, 18,54 ]8[ El• 
Bpft=B I=I.Ju 1111=228 TIC=38G34888 Rent: Sys:CIIIIIJ 
GC= 217' Cal:PfKIB4 
91 
55 
1119 
GB 128 148 168 
Figure A2.35 
269 
~ 
98 
79 
68 
58 
48 
~ 
28 
II 
'" 
8 
' 288 218 228 2ll 248 25ii 
188 288 
I lib: 
HASS 
' ' ' ~ 279 2&l 
248 
If 
' ' f.ll lud 
11425888 
91 
IHJECT iH:83:38 
3.49 
4. 4. 1. 
! 
I 
4 
1.6. 78 
CD - :;s ~ ~ Sl m ~ 88 ~ i CD 
• 
' 
88 
-• 
-:;s 
;i 
ii ~ 
ii 
~ 
§I 
~ 
§I 
II 
Figure A2.36 
270 
3.0 l.J ·••CRCNS 7.0 d.O ~-0 10 
----..,30110=• ---mr ·---··-""""iiiiii __ _ 111011 -·-,111111;;;;-----;:.,.· 
WAWNIIMIUICM"11 
!SOLYINT l<jk;;.;c :1-n 
=;=::;=::;:::==----=-- !5 _____________ L__ _____ _ ,~~ 
: 45~_-_.soa_, ___ _ 
..... , II '01 UOI\11 ••0 1~10•111 ···~··· 
or IC"LCn &P 'ILZ , .... liUoz ·ore zo·a or i! 
' 
ll'ltEI n·••• IO'rtl IZILI'OPI ILO •• cr 1U 'lOCI CZ'ISC it .•• IUPI • •• .... 
" I ZP 'lUI II 'lOt 
,, ,,, ILilt hZ 10 1 tr 11 •• '1811 , ..... ...... HOLI'z:tl I'C1 .. 
or "'"01 u·uc IL 01 ZltZO'C:PI 00'001 •r 
• U'PI14 ... ..., 11'181 IDIIE'CU 11"1 .. Iii~ " H'IIIL u·n• Zl .,,, Ll4£0 "' IO'L cr -' IP 'LOlL U'lll H'llt OOOC:I'HZ "·o 1r II IC 'CPU rt·na IS 'Ill ICZIO ltZ 11 ·z or 
.t3 1 II'OUL .... ... ILIII 'SPZ .... •• • U'OfiGL sa ·u, IE 101 .."' .,,, ... , .. w • U. 'IZQL IO'Lit II '101 ltiii'DI .... Ll ~ 
•• ,, '"" U'llp ''·rot ISIZI · "' u·1 •• ""' r u·uu II'ZLZ .... ''"" "I .... •• 0: Ot 01 'IZCL tL ·cor "'001 ""0 .••• Sl ., •• II!J l • H'OIEL IZ'HE &4. ·aa CUZI'Itl PI'O .. 
" 
Ll 'LIU 10 'II£ 11'01 IU ... o 'IPZ .... •• • PI 'EI1L CL 'ItS ZL 'LZI IULG'IU II ·o 11 ;;; .. 18 'ICOL II 'II£ Zl'" 
'"'' osz 11'1 oz • 1 .... , .. oo ·o 000 1"'' on 11'0 11 i LZ 01 '1111 Ol ·ppp IS ttl LPIZO ISZ 11 I 11 E LI'IOII 81'1:81' z:z···· LIOIL r;z '' ., L1 ~ Ll 01 IALI U'HP ....... Utrs·nz: II 'I 11 1 • ''·aut N'GIIE Gili'tl ,, .. , zaz ... 91 u 1 oz 11'1111 II OGC II II ONII UZ ., ., •• • Cl '0111 ct ·zn oe ·ca lUlGi tGZ 10 1 t1 • II'LZSI IZ 'CII 1£.11 zoon·tn •• 0 .. l IZ II· LLPI IP 1LZ 10 .. ZOtll PU "'Lt 11 !:! l I II 'PI PI II ·rtz Zl'lli CUll •U uo 01 LZ ... ~. ZI'PI' u·ze LZI.LI ·;;z ll'lt I k I O.L'CIII .... .... IQ.LU ;II OL ·o I tr II 'lilt •• lit PI •• SIIZI '1111 oo·r L j 1£ IEP 'ILOI II'IZP ZL ·101 ZIIOI .LGiZ ... r • t ti'IIOt co .••• 11'101 JICII LSZ ... , • .. I 11 "·sus oo ·ru IL ttl tpUZ'I&Z co., t -1 tz PI'LZIIIi H'IHii II: OPI IIIlO 1111 ... , • ot 'Gila OL ·z11 rz·s; IIlLi lliiZ z1·o . ZO IOLS IC 'PII Zlli ,, Z:ll" ISZ ,,., :!! IU01JI'Iel .. 1110l ... , t••••os tfi-•GI 11'1.11 , .... Ill 101 .... , .. ii!~ -=1 •• I :~o ••• .. , ooc XI~ LN03 IJ.A , ... ~. , ... 
'"' -
., 
"' "'"' 80 " ! Ill II lG II 1<: ~ 12 II :::: 
" "' 
:0 Ill Ill lC le ~ ~ n110£SMJO ·woCYWSO ' •OCIOChi)Q J JAY 
OCSKlQ·l uO l_.Oit_. 11\Y It 5I OI•A ....... O Ut.t 
Figure A2.37 
271 
era oc ,.., a 
;:tL£ /uar/u .. atm_.,,.,,_..,.,GIIwcca--.o. r1:1 
;;LN ON NOY 21 90 
:iCLYEJrfT QCU 
C8SfAYI! HI 
CDD DC '+O 2 
IUICIIIJ!DYai!IIO 
SII..V!HT CD:ll 
QIJS!JM[ c 13 
7 
_; 
6 
....___.,..__. 
..... 
Figure A2.38 
272 
--../ 
jJ 
4-
07 .• 
\~0 lllU 
/ r-
v 
.J _,/ 
-~ 
3 2.. J.! 
711.53 ... 
..... 
I 
<".DO~' 
MUM OH ,Jun .tl 'lO 
~(l,.YfHT CCCll 
OSSPV! ~~ 
Ff'SQUef'U:Y ,j9f.tsi 11111 
SQectt•et .. totn ~OOO.tt rn 
loCINUlUOA tl .. J.7U tK 
;;.taJ:auon oe.tay u.OOO tee 
.-u11e wtotn 5.0 ••nc 
uotentu..,.etut"e 
uo. reaeuuantl 10!8 
OOUDle ar..:tuon acCNusuon 
D.t.U. ~OC!SSIHii 
FT uu 6~538 
TOUI KQUUUIOA tl .. I tiUtutn 
7 
~ 
!.115 
alii., 
lUI QN """ ill 90 
SCLVfNT CX:ll 
OISIRVI: c 1 J 
FreQUef'ICY 100.577 MHI 
-.ccrel •tdtll 2!5000.0 Hz 
ACCIUUIUon tt• t.lil sec 
"-la .. uon oelay 3.000 eec 
P\IJ .. Wlnft 5.0 WIH 
'-l~nt tt.,..at~ 
No. r.oeUUOM 40el 
tJIIXUILf HI 
111911 DO_,. ll 
DICDUOI.r contltue~U~~h an 
..._TZ-tl .-,aatM 
DouDla Dt'HliiDn KGUieUlOn 
DATA PAOCOSI:HI 
iadlat• eoocnuuon 1.100 ..c 
"uz• 65!311 
Total acauuauon tt• •·• no&r• 
-
_,l 
' 
r 
~.!.E.2 
Figure A2.39 
273 
( -
iJ! ~~ 
4. !. z. 
_fl 
..,.... 
'---T---' -.-· .....,..... 
:J.71 ...... ,i..ll 
----
~4.17 .:7."1! 1.-Z .. 
ojQ 
~10 
.... 
....... 
.... o 
0'1-...J 
....... 
CD 0 
n 10 
Ill 
:::::J .... 
!II R1 
1\J 
AO 
0 
n 
3 
I 
.... 
w 
01 
0 
0 
w 
0 
0 
0 
1\) 
01 
0 
0 
1\) 
0 
0 
0 
.... 
01 
0 
0 
.... 
0 
0 
0 
n 
3 
.!.. 
01 m~ .... m rn 01 n m > .... 
0 
3 . " . 
r!, 
.... 
.!.. o en o 
1.0 7: 
.... 
~I\) 
-i• == 
'-J 
!::; 
·r 
2839.4-
1636.1-
757 .B-
704.1- 732.0-
Figure A2.40 
274 
79.68 
ST 
not 11 
pea 
~ 
700.0 
crt 
I 
"! 
' 
.. 
I 
.. 
• .. 
7.~~----~----,------PL---~~----+------L----~------------,-----~ 
•• tl 
•• 
•• 
•• 
•• 
•• 
•• 
•• 
• 
•• 
• 
•• 
• 
•• 
• 
•• 
•• 
• 
•• 
•• 
4000 
91/12/13 21: 25 
X: 16 scans, 4.0c.-1 
OL 'OLIII 
U'IIMl 
IQ ILIII 
PL LOOII 
II '&Pill 
II 'lUll 
u·oz:at 
1£ PEOII 
"'O&ILI 
n·R"I 
SL 'IIZLt 
01 'ZIOLI 
.. ...... 
" 01111 
U'ICLII 
... ,, .. 
H '11511 
IS ·rntl 
tl Uztl 
LI'PEIWI 
U ILIIil 
;, ·n 
..... 
tt"QE 
... , 
&:I •• 
IL1f 
•o !iit 
II ·tt 
... ,. 
IL ·at 
II"CE 
..... 
11 ·on 
Zl"l 
3000 
80 II 
II' I 601Sil ·ooz: It'£ 
&t 'L Ut" IOZ PI'O 
u· t "o .. o ;oz Lt oc 
81 . I LPOiiO 90Z: 00 'P 
ZP Z 9LEOO l.OZ 81 £ 
ct ·c ttl to ·aoz: ' ' ·o 
tli c orz:u ·aoz &P o 
Sit C 8!iiiOU'IIZ S. I 
II P 9LOI8 'ZIZ lit Z 
01 'L 1000 'PIZ: aO 0 
£0 '01 ZOIII tiZ tl '0 
JZ, "' P.C.OQO liZ 10 ·o 
zs·1 LOStT'oiiZ tz·z 
IP 'OPI £0Silli 'liZ 01 0 
IP G !LLOI ·oz:z 00 001 
It '18 ZPSOP OZZ 10 '0 
tl'li 80C:11'1ZZ rt'PI 
SiPP Plllt·zzz ~I 
'' • oz:en ·nz ct o 
•• 
•• II 
II 
Ll 
91 
.. 
.. 
El 
u 
II 
01 
• I 
2000 
TO 'li Lilli ·en IE '0 7 
01 E nett rzz ••·o i r 
'"011ftQI.UUO' ••u 
•• "lEI 
01 •• 
•• ·oo• 
;c·n 
to ·oa 
GZ'U' 
u·zz 
81 'LI 
,.,.,as lft-105 tftWII •••w fl) lUI •OIIUif'll 
10 I ..... 
•• ~0 OCZ OOZ OOC 'I I J J.NOJ SlA tul:ll9 IW4 .LNI WH 41 ~:f NU' 80 , 
<ll I:IEtSWJU '':'U:S .. JO . : 1- I~ lt£SW:l0 ·, ).'."t' 
.i.l 1"011 • ., Jl\"9' I I 01 0,-NM-Iill 
' 
Figure A2.41 
275 
11100 1000 
-.., 
n Jill 
~ ;I; ill 
~~~ !!I ii 
I 
I 
i 
I 
I 
CIXl02 
Ftl£ /uar/USI'a/Y,..tl•nw-n"I/O.la/c~a. t 14 
RIM ON Mey 8 91 
S(LVQIT CDClJ 
08S!JM HI 
,,.equanc, ln.~ .etz 
SOH:tral lllldtft ~.o m 
AI:QU11ttla:n u. J.744 .. c 
Rela ... uon CNl.., o.ooo aec 
Pulaa IIIIOtft '5.0 UIK 
"-'*"' u_.attra No. ,. • .,.uuOM tilll 
Double Clf'IICUtan KQUIIIUOII 
llA T A PAOCZSII,_ 
FT 1Ua 65531 
Total .CQUUlUOft t I• 1 at nut .. 
,_/ '\.. 
--
{_{{ 
t 7 6 
.._,__~ 
54.•7 
14.11 
CIXloa 
FIL£ /~/.,..VVIW"t/.,...,../IMU/~.tlct 
Jill ON .... I VS 
SILV£NT CDC13 
IJBSBIVf: c:u 
~ 
~ 
.l 
T 
J 
' :oo 
S' 
21.111 17 .• 
24.54 
I 
t! 
---
::oo ·~ 
Figure A2.42 
276 
~· 
J ,_{ 
4 'l 2. 
._____,____ 
.. ... 
U7,04 ..... 
. 
. J a 2 lJ 
' 
24 23 22 21 20 19 ;s 
§ 
~ 
i 
0 
-
~ 
t 
I...._. .• 
I I 
:30 !20 110 :a a 
-
EJN ..... ....eCIIII' F 2 IPPMI 
.......... 
......... 
"" 
.... 
• 
0, JJ' .. 
': •• , 
~ 
, 
0 ~ Q 
• • I eo II I I 
.. 
" • •• 00 •• 
10 
I 0 4 
F I IPPMI 
., 
cma 
lJ 
II.MCII-2081 
ICLY!NT CDC:lJ 
-· .. 
_j L 
F2 ~ 
lppmd 
-= 
20~ 
40 
60 
- 80 
100 
120 
140 
- "'L~ -
6 
F1 (ppm! 
Figure A2.43 
277 
. 0 
.. :'\ 
I 
J 
liiDD 18011 1600 loiOII 
.l~ ~~-----------------~~m __________________ __ 
=====--=====~~~ '========~~==-----
•• "'P' -• - ...... •• •u·'IU•u·a•·,• ,., ~~~ 
8pll=l 1=9411v 111=145 TJC=8881i888 flcnt: Sys:CIDJ 
na 1.1m lit= tlS' til :Pfl2!1111R 
8] 
II 
Iii 
48 
21 II 
61 88 188 121 148 168 Ill 
Cllll9ll9l8t x1 llgd=8ll 29-RPR-9118:46 .. :11:89 Ill: El• 
8pll=8 1=6.1u 
rRll.tm 
111=147 TIC=B2484888 Rent: Sys: Cllll 
lit= I W Cil. : PR2!IPR 
95 
81 
Iii 
41 
21 
8 
Figure A2.44 
278 
ft: 
11155: 
228 248 
!\~ :\ . .. I~ .· \ 
61Sl&llll 
BJ 
II: 39214BBB 
11155: 95 
------
..... __ 
--
---... 
II II l I 
...___. 
7.1 
I J I I I I ·~iii ""J 
L-~, .. ~~u~~---a~ .. ~---' ~ 
-· I'1LI.---.... 
---· .. 
--
--
..._.. .. ...,. 
_......ulll_ .... 
............. u._ 
~~--·--­fllll..a. a.Ma4.J.-
--
........ sa..-
_. .. 
--· 
a.-.a.--u. 
_.._ 
Cirllale ... uu. ..... ._ 
QlTA ......... 
u.. .......... .. 
---~ ... --" .... W.D7I ltllal_...u. .......... 
ISO I ISO 
Figure A2.45 
279 
\ 
I ~ I J I I I J 
.... .... 
i 
• 
\. 
·-..._____. 
I I 
Lt 
I I I I d f 
...___.__ 
u a 
I 
12 
___ 
... ,.._ .... 
--
<&-.-
,.. . 
--
----.--..-....... 
---·-.. __ . 
---
--"-· ....... -
J , I I 
IG 
'---' Lt 
' I 
u ...... 
---------~------------~ 
---,.. ... _ ... 
--
---... ' 
II 
! 
"1 
I 
• !i 
! ', ( 
Figure A2.46 
280 
~~ 
•• ~r; 1111 un! ~ I li I !!!!! ! .. 
•• 
p 
.. 
~ 
I 
' ,. 
~~ 
....... 
-o Ol-.....1 
c.o:::-
ocn 
Ql 
::1-c.o-. . . 
ru 
.t..Ol 
0 
0 
3 
I 
-
w 
01 
0 
0 
w 
0 
0 
0 
l\l 
01 
0 
0 
l\l 
0 
0 
0 
.... 
01 
0 
0 
.... 
0 
0 
0 
n 
a 
.L 
l\l 
0 
01 
l\l 
3439.3-
1439.4 ___ r-__ _ 
1326.0-
1089.7 1030.8-<===~========~--------------
679. ~OJU-:=::5 _ __,.-
Figure A2.47 
281 
!II 
~Cl 
-i• 
l\l 
0 
.; 
,j 
80.!!1 
ST 
,.. 
Cll 
"' Ill 
,-
"" i 
-
0 
"' 
"! ~ ... 
~ 
...: .. 0 ,.. 
0 
ni 
1'1 ,.. 
38.48·~.-------.-------,-------;---------------,-----------~L-,_----------
3500 aooo 
91/07/17 11: 49 
~ 16 scans, 4.0cm-1 
__ 
...... _ ... 
........... 
---... 
--
---
----11&·· ......... 
--·-
--
.. __ . 
---
--na• 
_,.L,T 
~ 
2500 2000 1500 1000 
Figure A2.48 
282 
..• 
Chapter 7. Suggestions for Further Work. 
Recently there have been a few encouraging results from other research groups who are 
also working on precursor routes to poly(parahydroxybenzoic acid). The efforts made 
by other workers to produce poly(parahydroxybenzoic acid) by catalytic elimination of 
substituents on the benzene ringl 16•171 (see chapter 1) from substituted hydroxybenzoic 
acid (HBA) polymers suggest that whilst this is feasible, it never leads to pure 
homopolymer, because of access problems brought about by insolubility and 
crystallisation, or side reactions. 
-0 
Figure 7.1 
-0 
ortho- and meta- oligomers 
The approach via elimination of cyclic HBA oligomersl2431 from copolymers of ortho-, 
meta- and para- HBA (figure 7.1) does give some homopolymer, but the involatility of 
the oligomers and the insolubility and crystallinity of the product must create difficult 
problems in its practical application. The attempt to partially circumvent this difficulty 
by elimination of oligomers of ethylene isophthalate from HBA-isophthalic 
acid-ethylene glycol copolymersl2441 (figure 7.2) evidently enjoys some success, but 
again involatility of the eliminated material and the· insolubility and crystallinity of the 
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product is still a problem. 
0 
0 } 
+ 
0 
0 } 
Figure 7.2 
oligomers 
If the elimination of some component of the polyester chain is to be successful in the 
commercial sense, then it must be capable of taking place in the fibre and the 
byproducts must be readily removed. Whilst the above attempts have yet to appear in 
the literature, it seems from limited advance information that they are restricted to bulk 
eliminations. But making poly(para-HBA) is not a problem. As was stated in Chapter 
1, the problem revolves around the nature of the precursor and has two parts: 
a) 
b) 
The provision of a suitable precursor polymer and 
Persuading it to convert whilst in the form of the finished product. 
Consideration of the likely uses of poly(para-HBA) makes it apparent that only fibres 
or films are likely contenders for the finished product in (b) and any precursor which 
requires a conversion process which will only occur in the melt or in solution makes it 
unlikely to conform to the definition of "suitable" in (a). Further consideration of the 
insolubility and crystallinity of poly(para-HBA) and analysis of the few attempts to 
solve the precursor problem leads one to conclude that conversion processes which 
depend on treatment with a reagent are also doomed to only partial, perhaps 95%, 
success. Bearing the above in mind, the following possibilities are suggested. 
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0 
Figure 7.3 
Copolymers of poly(para-HBA) with aliphatic (1)-hydroxyacids such as 
5-hydroxy-1-pentanoic acid would give copolyesters from which the lactone of the 
hydroxy-acid might be eliminated via the ready ring-closure of the intermediate 
6-membered ring conformation, figure 7.3. The plus points are that the polymer 
synthesis should be facile, the polymer soluble and spinnable from solution or melt, the 
lactone should be volatile enough to be distilled out in vacuo thus averting problems of 
access to reagents and the lactone could be recovered and recycled directly in the 
polymerisation. The minus points are that the elimination might be slow without a 
transesterification catalyst, that the elimination might not proceed in the solid fibre and 
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that the chain mobility needed to adopt the required conformation might be too 
entropically unfavourable and impossible in the solid phase. 
Another possibility, although not suited to commercial production, makes use of the 
Diels-Alder reaction of norbornadiene with a-pyrone, figure 7.4. The pyrone itself is 
easily preparedl245l from coumalic acid, which is available commercially (price in 1991 
ca. £20 for 25g, Janssen Chimica.) The pyrone has been used in a number of studies on 
transient speciesl2461 because it is locked in a favourable conformation and is thus very 
reactive towards olefins and dienes in the Diels-Alder reaction. Most of these adducts 
are thermally unstable, being derived from furans or isofurans, or their nitrogen 
analogues. They readily lose carbon dioxide to yield aromatic systems. 
0 0 
Figure 7.4 
The norbornadiene adduct, if sufficiently thermally stable, is capable of being used in 
two ways. Firstly, it might prove possible to subject it to anionic ring-opening 
polymerisation along the lines of the work done by Sokolova et all2081 and Ceccarelli et 
a[l2091 which would allow good control of molecular weight. Secondly, it could be 
hydrolysed to an hydroxy-acid which might then be polymerised, figure 7 .5. The 
resulting polyester could then be oxidised, perhaps by atmospheric oxygen and 
cyclopentadiene eliminated to yield poly(para-HBA). Alternatively, the intermediate 
hydroxy-acid, 1 in figure 7.6 could be oxidised to the ketone, 2, and tautomerisation 
would then yield an hydroxy-acid, 4, in the correct oxidation state for elimination to 
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occur directly. This intermediate is the same as that proposed during the attempts to 
hydrolyse the 7 ,7-dichloro-1,4-benzoquinonemethide precursor, endo-cis-6-dichloro 
hydrolysis 
H 
\ 
0 
Ring-opening polymerisation 
0 
Polyesterification 
e.g. with dicyclohexylcarbodii'mide 
Figure 7.5 
methylenetricyclo[6.2.1.02·7]undeca-4,9-dien-3-one. It is possible that tautomerisation 
of the ketone would give a more attractive precursor monomer, endo-cis-6-hydroxy-
tricyclo[6.2.1.02·7]undeca-4,6,9-trien-3-carboxylic acid, 3. This monomer would be 
resistant to the retro-Diels-Alder reaction until a sufficiently high temperature was 
reached for 1,3-proton migration to occur. It might prove advantageous to deliberately 
attempt to achieve reaction conditions which maximised the proportion of this tautomer 
in the mixture. The added thermal stability provided in 3 would make for far easier 
handling of the monomer and precursor polymer. The copolymer composition and its 
microstructure would also prove interesting studies, as would kinetic studies on the 
conversion e.g. by differential scanning calorimetry. However, the other isomer, 4, in 
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tautomerises 
H 
\ 0-H 
0 
Polyesterification 
e. g. dicyclohex y lcarbodii"mide 
Figure 7.6 
the mixture might prove useful if it was sufficiently stable. It is known from work done 
by Cookson et a/12411 that such endo-cis-Diels-Alder adducts readily undergo 
intramolecular 2+2 photocycloaddition, even in the solid phase. These compounds do 
not undergo the retro-Diels-Alder reaction. A mechanism is thus available for using 
such a precursor polymer as a lithographic photo-resist, which has been done 
previously using the Durham precursor to poly(acetylene)12471. The monomers which 
converted to poly(para-HBA) would be insoluble, whilst those which photocyclised 
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and did not eliminate cyclopentadiene would retain their solubility. A possible adaption 
of this chemistry would depend upon the ease with which the retro-reaction occurs. If 
instead of photocyclising the monomer units with ultra-violet light to keep them 
soluble, an infra-red laser (such as is now commonly used in laser printers and compact 
disc players) was used to write upon the polymer, the heating achieved by the beam 
might directly cause the elimination reaction and make the irradiated areas insoluble, 
thereby giving the option of either a positive or a negative photoresist from the same 
material. 
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Conclusions 
The philosophy of the precursor approach to intractable polymers was critically 
examined, some obstacles to a successful precursor synthesis of 
poly(para-hydroxybenzoic acid) were identified, and several speculative routes to 
precursor polymers were devised and experimentally investigated. 
Examination of the literature showed that whilst a number of specific routes to the 
synthesis of benzene derivatives exist, via ring closure and aromatisation, none of these 
appear suitable for a general precursor route to aromatic polyesters. However, the ring 
synthesis of benzene derivatives has not been investigated to the same extent as the ring 
synthesis of heterocyclic aromatics, and it is possible that future discoveries may render 
this approach to aromatic precursor polymers more attractive. The limited experiments 
made in the course of this project were not encouraging. 
A number of approaches were explored in attempts to produce a precursor polymer 
containing the carbonyl group of poly(para-hydroxybenzoic acid) in a masked form. 
These efforts were directed towards the synthesis of 7,7-dichloro-1,4-benzoquinone 
methide which was anticipated to polymerise spontaneously to give the precursor 
polymer directly. However, the addition of dichloroketene to carbonyl compounds 
proved difficult to control because of the high reactivity of dichloroketene, whilst 
Wittig and Wittig-Romer syntheses intended to make dichloromethylene compounds 
were generally unsuccessful, either because the ketone starting materials were 
insufficiently reactive towards the ylids or because there were competitive reactions 
occurring which minimised the yield of the desired products. 
However, it was possible to make a precursor to 7 ,7-dichloro-1,4-benzoquinone 
methide by Wittig-Romer chemistry, although this compound, endo-cis-
-6-dichloromethylenetricyclo[6.2.1.02·7]undeca-4,9-dien-3-one, could not be 
synthesised repeatably and had poor thermal stability. It was not possible to make 
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sufficient of this compound to see if the desired quinone methide would indeed 
polymerise to give the postulated polymer. The successful Wittig-Romer synthesis 
casts some doubt on the hypothesis of Castells et a[U921 which states that deconjugation 
of an a,~-unsaturated ketone occurs prior to attack at the carbonyl group. Attempts to 
use organosilicon reagents (Petersen or Kobrich olefination) or dithiane chemistry to 
circumvent the synthetic problems were unsuccessful. 
It was noted that hydrolysis of this same quinone methide precursor should give an 
hydroxy-acid, e ndo-cis-6-hydroxytricyclo[ 6.2.1.02• 7]undeca-3,5 ,9-trien-3-carboxylic 
acid, which it should be possible to polymerise to give a precursor polymer which 
would yield the desired poly(para-hydroxybenzoic acid) by retro-Diels-Alder reaction. 
When attempts to hydrolyse endo-cis-6-dichloromethylenetricyclo[6.2.1.02•7]-
undeca-4,9-dien-3-one failed, alternative methods of making the hydroxy-acid were 
tried, but without success. 
A number of Diels-Alder adducts and their intramolecular photocycloaddition products 
were made during the course of this study and examined by nmr spectroscopy. Detailed 
analysis of the spectra obtained has resulted in the first known structural assignment of 
a pentacyclo[8.1.01•5.02•9.04•7.06•10]undecane derivative purely by nmr and a correction 
to the published assignment of the proton spectrum of endo-cis-6,6-dimethoxytricyclo-
[ 6.2.1.02•7]undeca-4,9-dien-3-one. Molecular orbital calculations on some of these 
compounds predicted bond angles which were consistent with the coupling constants 
observed. It is intended that these results will be submitted for publication. 
This study has not yielded a viable precursor route to poly(para-hydroxybenzoic acid) 
but it has permitted the identification of some of the difficulties which must be tackled 
and has suggested a number of speculative routes which might prove successful given 
further work. These are: 
1) General precursor routes via benzene ring synthesis given that this chemistry is 
explored in greater depth (see Chapters 1 and 2.) 
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2) A possible specific route via the retro-Diels-Alder reaction of 
poly(endo-cis-6-hydroxytricyclo[6.2.1.02•7]undeca-3,5,9-trien-3-carboxylic acid), (see 
Chapter 3.) 
3) A potential route via the elimination of (I)-hydroxy-acids from their copolymers 
with para-hydroxybenzoic acid (see Chapter 7.) 
4) A potential route via the Diels-Alder reaction of a-pyrone with 
[2.2.1]bicycloheptadiene, followed by anionic ring-opening polymerisation and 
oxidation, or hydrolysis, polycondensation and oxidation (see Chapters 4 and 7 .) 
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BUTLER, Dr. A. (St. Andrews University) 
The Discovery of Penicillin: Facts and Fancies 
*CHEETHAM, Dr. A.K. (Oxford University) 
Chemistry of Zeolite Cages 
CLARK, Prof. D.T. (ICI Wilton) 
Spatially Resolved Chemistry (using Natures's 
Paradigm in the Advanced Materials Arena) 
.*- COLE-HAl\IILTON, Prof. D.J. (St. Andrews University) 
New Polymers from Homogeneous Catalysis 
CROMBIE, Prof. L. (Nottingham University) 
The Chemistry of Cannabis and Khat 
DYER, Dr. U. (Glaxo) 
Synthesis and Conformation of C-Glycosides 
FLORIAN!, Prof. C. (University of Lausanne, 
Switzerland) 
Molecular Aggregates- A Bridge between 
homogeneous and Heterogeneous Systems 
GERMAN, Prof. L.S. (USSR Academy of Sciences-
Moscow) 
New Syntheses in Fluoroaliphatic Chemistry: 
Recent Advances in the Chemistry of Fluorinated 
Oxiranes 
GRAHAM, Dr. D. (B.P. Reserch Centre) 
How Proteins Absorb to Interfaces 
GREENWOOD, Prof. N.N. (University of Leeds) 
Novel Cluster Geometries in Meta.lloborane 
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1st November. 1989 
13th November, 1989 
lOth November, 1989 
21st February, 1990 
23rd March, 1990 
7th December, 1989 
8th March, 1990 
22ndFebruary, 1990 
29th November, 1989 
15th February, 1990 
31st January, 1990 
25th October, 1989 
9th July, 1990 
4th December, 1989 
9th November, 1989 
HOLLOWAY, Prof. J.H. (University of Leicester} 
:l"oble Gas Chemistry 
HUGHES, Dr. M.N. (King's College, London) 
A Bug's Eye View of the Periodic Table 
"::l.k HUISGEN, Prof. R. (Universitii.t Miinchen) 
Recent Mechanistic Studies of [2+2] Additions 
-:*: KLINOWSKI, Dr. J. (Cambridge University) 
Solid State NMR Studies of Zeolite Catalysts 
LANCASTER, Rev. R. (Kimbolton Fireworks) 
Fireworks -Principles and Practice 
LUNAZZI, Prof. L. (University of Bologna) 
Application of Dynamic NMR to the Study of 
Conformational Enantiomerism 
PALMER, Dr. F. (Nottingham University) 
Thunder and Lightning 
#:.,PARKER, Dr. D. (Durham University) 
Ma.crocycles; Drugs and Rock 'n' roll 
PERUTZ, Dr. R.N. (York University) 
Plotting the Course of C-H Activations with 
Organometa.llics 
PLATONOV, Prof. V.E. (USSR Academy of Sciences-
Novosibirsk) 
Polyiluoroindanes: Synthesis and Transformation 
POWELL, Dr. R.L. (ICI) 
The Development of CFC Replacements 
* PO\V1S, Dr. I. (Nottingham University) 
Spinning off in a huff: Photodissociation of 
:\!ethyl Iodide 
ROZHKOV, Prof. LN. (USSR Academy of Sciences-
Moscow) 
Reactivity of Perfluoroalkyl Bromides 
* STODDART, Dr. J.F. (Sheffield University) 
:\Iolecular Lego 
SUTTON, Prof. D. (Simon Fraser University, 
Vancouver B.C.) 
Synthesis and Applications of Dinitrogen and Diazo 
Compounds of Rhenium and Iridium 
4- THOMAS, Dr. R.K. (Oxford University) 
Neutron Reflectometry from Surfaces 
THOMPSON, Dr. D.P. (Newcastle University) 
The role of Nitrogen in Extending Silicate 
Crystal Chemistry 
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1st february, 1990 
30th November, 1989 
15th December, 1989 
13th December 1989 
8th February, 1990 
12th February, 1990 
17th October, 1989 
16th November, 1989 
24th January, 1990 
9th July, 1990 
6th December, 1989 
21st March, 1990 
9th July, 1990 
1st March, 1990 
14th February, 1990 
28th February, 1990 
7th February, 1990 
COL~COUIA. LECTC~ES AND SEMINARS GivON BY INVITED SP~~ERS 
iST AUGUST :990 70 31ST JULY ~991 
ALDER. Dr. 3.J. (Lawrence Livermore Labs., California) c5th January, l991 
~drogen in all its Glory 
~BELL-e, Prof. T. (SUNY, S.toney Srooit, U.S.A.) l4thNovember, 1990 
f' Functional ~olecular Architecture and ~olecular 
Recognition 
~ BOCHMANN~. Dr. ~. (University of East Anglia) 24th October, i990 
Synthesis, Reactions and Catalytic Activity of 
Cationic Titanium Alkyls 
BRIMBLE, Dr. ~.A:(Massey Universitv, !'lew Zealand) 29th july, 1991 
Syntnetic Studies Towards the Antibiotic 
Griseusin-A 
BROOKHART, Prof. ~.S. (University of!'!. Carolina) 20th June, ig91 
Olefin Polymerizations, Oligomerizations and 
Oimerizations Using Electrophilic Late Transition 
Metal Catalysts 
BROWN, Dr. J. (Oxford University) 28th February, 1991 
~ Chemistry Provide Catalysts Superior to Enzymes? 
~ BUSHBY7, Dr. R. (Leeds University) 6th February, 1991 
Biradicals and Organic Magnets 
*COWLEY. Prof. A.H. (University of Texas) 13th December, 1990 
New Organometallic Routes to Electronic Materials 
~. Prof. D. (Warwick University) 29th November, 1990 
Enzymes in Organic Synthesis 
~t. Dr. C.~. (Oxford University) 6th March, 1991 
NHR Studies of Dynamics in Molecular Crystals 
GERRARD~. Dr. D. (British Petroleum) 7th November, 1990 
~ Spectroscopy for Industrial Analysis 
HUDLICKY, Prof. T. (Virginia Polytechnic Institute) 25th April, 1991 
Biocatalysis and Symmetry Based Approaches to the 
Efficient Synthesis of Complex Natural Products 
JACKSONt, Dr. R. (Newcastle University) 
New Synthetic Methods: ~-Amino Acids and Small 
Rings 
Jlst October, 1990 
KOCOVSKYt, Dr. P. (Uppsala University) 6th November, 1990 
Stereo-Controlled Reactions Mediated by Transition 
and Non-Transition Metals 
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4. ~· :r. :. · ~'J.:.~ ·~·::i·:ersit.?J 
Liquid C:~:sr.a.;.s 
~· Dr. :; . : :<ot~'.::gilam Universit:n 
Rocket P~~peilants 
:-!ACDONALD, Jr. ;,·.;.. (!C: ·;utonJ 
~aterials for :~e 5~ace Age 
~. Dr. ;. (ICI ?harmaceuticals) 
DNA Fingerprinting 
~ f[!J!. Dr. :i.C. (Durham un1vers1ty1 
Molecular Elect=onics 
. 
~·, Dr. ?.G. (Bristol University) 
~etal Com~lexes with Functionalised ?hos~ilines 
PRITCHARD, Prof. :. (Queen Mary & Westfield Collage, 
London University) 
Copper Surfaces and Catalysts 
~. Dr. ?.J. (Birkbecx College London) 
Design of Inorganic Drugs: Precious Metals, 
Hypertension + HIV 
SARRE, Dr. P. (Nottingham University) 
~met Chemistry 
~st :<ovember, :990 
~lth Oc~ober. ~?90 
7th March, :991 
14th February, ~99l 
jth December, ~990 
21st November, l990 
24th January_. l991 
17th January, 1991 
SCHROCK, Prof. R.R. (~assachusetts Institute of Technology) 24th April, 1991 
Metal-ligand Multiple Bonds and Metathesis Initiators 
~. :r. S.K. (Laeds cniversity) 
Clocks, Oscillations and Chaos 
. 
SHAW', Prof. 5.L. (Leeds University) 
---S-yntheses with Coordinated, unsaturated Phosphine 
Ligands 
8th ~ovember, 1990 
20th February, :991 
SINN~. Prof. E. (Hull Universitv) 30th January, 1991 
---C-oupling of Little Electrons. in Big ~olecules. 
Implications for the Active Sites of (Metalloproteins 
and other) Macromolecules 
?If~~. Prof. R. (South Western University, Texas) 26th October, 1990 
Preparation and Reactions of Bicycloalkenes 
* lfllil'AK.lijit, Dr. B.J. (Leeds University) 
Two-Dimensional Velocity Imaging of State·Selected 
Reaction Products 
28th November, 1990 
~ 
Invited S?e~ificaily for the postgraduate training programme. 
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Conferences 
The following conferences were attended by the Author. 
15th March 1989 
5th-7th Apri11989 
5th January 1990 
21st March 1990 
10th-12th September 1990 
26th-28th March 1991 
University of Lancaster Macro Group UK 
Polymer Conference 
University of Hull RSC Liquid Crystal Polymer 
Conference 
Imperial College, London, ffiM Postgraduate 
Seminar in Polymer Science and Technology 
University of Lancaster Macro Group UK 
Polymer Conference 
University of Durham, RSC Macro Group 
International Symposium, New Organic Materials 
University of Lancaster Macro Group UK 
Polymer Conference 
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Apparatus and Reagents 
Fractional distillation was performed, when specified, with a Fischer-Spaltrohr 
apparatus. This comprised an HMS-500 column with heated jacket, a system 0200/01 
oil bath controller, a VKH200 constant vacuum controller, a DT4 digital thermometer 
and a Fischer variable reflux ratio and column jacket temperature controller. 
The following Analytical Services were used. 
Infra-red spectra were obtained by the author on either a Perkin-Elmer PE1600 FT 
instrument or a Perkin-Elmer PE577 Grating Dispersion instrument 
Ultra-violet/visible spectra were obtained by the author on a Perkin-Elmer PE330 
Spectrophotometer. 
Mass spectra were provided by the Departmental service. The instrument was a VG 
Analytical 7070E spectrometer with a Hewlett-Packard HP5790A gas chromatograph 
and 25m SE30 capillary column. 
NMR spectra were obtained from several instruments. 
60MHz proton spectra were run by the author on an Hitachi/Perkin-Elmer R24B 
continuous wave instrument. 
250.133MHz proton and 62.869MHz carbon spectra were run on a Broker AC250 FT 
spectrometer by the Departmental service. 
199.975Mhz proton and 50.289MHz spectra, plus several proton COSY spectra, were 
run by the author on a Varian Gemini 200FT spectrometer. 
399.952MHz proton spectra, 276.289MHz fluorine spectra and 100.577MHz carbon 
spectra, plus all other 2D spectra, were run on a Varian VXR400S FT spectrometer by 
the Interdisciplinary Research Centre in Polymer Science and Technology NMR 
service. 
Elemental analyses for carbon, hydrogen and nitrogen were obtained by combustion 
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analysis by the Departmental service, using a Carlo Erba 1106 analyser. Other 
elemental analyses were performed by oxygen flask combustion and titration by the 
Departmental service. 
Gel Permeation Chromatography was performed by the author using a Waters 590 
pump and a Waters R401 differential refractometer or by the Interdisciplinary Research 
Centre service using a Viscotek differential refractometer and viscometer and Knauer 
HPLC pump, in both cases using two 30cm Polymer Laboratories 10J,L mixed gel 
columns in series. 
HPLC was obtained via the Departmental service using a Varian 9010 pump, 9065 
polychrom UV/visible detector and Varian Star workstation, with a 30cm x 5mm 
Hypersil 5 ODS column. · 
Gas chromatography was performed by the author using a Hewlett-Packard HP5890 
series II chromatograph, a SE30 25m capillary column and a Hewlett-Packard 
HP3396A integrator. 
Reagents and chromatographic materials for TLC and column chromatography were 
obtained from Aldrich, with the exception of solvents and inorganic acids which were 
Rhone-Poulenc, and the additional specific exceptions listed below. All were used as 
received unless otherwise stated. 
Tris(dimethylamino)phosphine from Auka. This was vacuum transferred prior to use. 
Platinum and tungsten electrodes from Goodfellow Metals, Cambridge. These were 
used as described in Chapter 6. 
Butyl-lithium was obtained from Janssen, in addition to some material from Aldrich. 
Zinc dust and ammonium nitrate were obtained from BDH. 
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Glossary of Journal Abbreviations 
The following non-standard journal abbreviations have been used: 
Adv.Mater. 
Ang.Chem. 
An g. Chem.Int.Ed.Engl. 
Ann. 
Ber. 
CA 
C.R.Acad.Sci. 
Chem.Com. 
Chem.Ind. 
Ind.J.Chem. 
JACS 
JCS 
JCS Perkin 1 
J.Het.Chem. 
JOC 
J.Polym.Sci. Part A-1 
J.Polym.Sci.,Polym.Phys. 
Polym.Comms. 
Quart.Rev. 
Tet. 
Tet. Letts. 
Advanced Materials 
Angewandte Chemie 
Angewandte Chemie, International Edition in 
English 
Justus Liebigs Annalen der Chemie 
Chemische Berichte 
Chemical Abstracts 
Comptes Rendus Hebdomadaires des Seances 
d' Academie des Sciences 
Chemical Communications 
Chemistry and Industry (London) 
Indian Journal of Chemistry 
Journal of the American Chemical Society 
Journal of the Chemical Society 
Journal of the Chemical Society, Perkin 
Transactions 1 
Journal of Heterocyclic Chemistry 
J oumal of Organic Chemistry 
Journal of Polymer Science, Part A -1 
Journal of Polymer Science, Polymer Physics 
Edition 
Polymer Communications 
Quarterly Reviews 
Tetrahedron 
Tetrahedron Letters 
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